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1. Purpose. This manual provides technical specifications and procedural guidance for surveying
with the NAVSTAR Global Positioning System (GPS). It is intended for use by engineering, topo-
graphic, or construction surveyors performing surveys for civil works and military construction proj-
ects. Procedural and quality control standards are defined to establish Corps-wide uniformity in GPS
survey performance and GPS Architect-Engineer (A-E) contracts.

2. Applicability.  This manual applies to HQUSACE elements, major subordinate commands (MSC),
districts, laboratories, and field operating activities (FOA) having responsibility for the planning, engi-
neering and design, operations, maintenance, construction, and related real estate and regulatory func-
tions of civil works and military construction projects. It applies to GPS survey performance by both
hired labor forces and contracted survey forces. It is also applicable to surveys performed or procured
by local interest groups under various cooperative or cost-sharing agreements.

3. General. The NAVSTAR GPS has significantly modified many traditional survey practices found

in all aspects of surveying and mapping work. The NAVSTAR GPS, operating in a differential or
relative survey mode, is capable of providing far more accurate positions of either static monuments or
moving platforms at costs far less than those for conventional survey methods. The goal of this man-
ual is to ensure that GPS survey procedures are efficiently and uniformly practiced to attain more
accurate and cost-effective surveying and mapping execution throughout the Corps of Engineers.
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Chapter 1 1-7. Background

Introduction o , _
GPS surveying is a process by which highly accurate,

three-dimensional (3D) point positions are determined
from signals received from NAVSTAR satellites. GPS-
derived positions may be used to provide the primary
reference control monument locations for engineering and
construction projects, from which detailed site plan top-

1-1. Purpose

This manual provides technical specifications and proce-
dural guidance for surveying with the NAVSTAR Global - q:40hic mapping, boundary demarcation, and construc-
Positioning System (GPS). It is intended for use by engi- i5 alignment work may be performed using conventional
neering, topographic, or construction surveyors perform'ngsurveying instruments and procedures. GPS surveying
surveys for civil works and military construction projects. ;55 has application in the continuous positioning of
Procedural and quality control standards are defined to, ,.ine floating plants. GPS surveying can also be used

establish Corps-wide uniformity in GPS survey perfor- ¢ input to Geographic Information System (GIS) and
mance and GPS architect-engineer (A-E) contracts. mapping projects.

1-2. Applicability 1-8. Scope of Manual

This manual applies to HQUSACE elements, major subor-pis manual deals primarily with the use of differential

dinate commands, districts, laboratories, and field oper-capjer phase GPS survey techniques for establishing
atmg acjuvmes hav|.ng respon'SIblhty fpr the planning, 4nq4/0r extending project construction or boundary control.
engineering and design, operations, maintenance, CONStruGspihy static and kinematic survey methods are covered,
tion, and related real estate and regulatory functions Ofalong with related GPS data reduction, post-processing,
civil works and military construction projects. It applies 4ng adjustment methods. Differential code phase GPS
to GPS survey performance by both hlreq-labor forces andpositioning and navigation methods supporting hydrogra-
contracted survey forces. It is also applicable to SUNVeySphic surveying and dredge control are covered to a lesser
performed or procured by local interest groups underextent (see EM 1110-2-1003 for further information on
various cooperative or cost-sharing agreements. hydrographic surveying with GPS). Kinematic (or
dynamic) real-time differential carrier phase GPS survey-
ing applications are covered in detail in this manual.
. Absolute GPS point positioning methods (i.e., nondif-
N ferential) are also described since these techniques have
an application in some USACE surveying and mapping
projects.

1-3. References

Required and related publications are listed
Appendix A.

1-4. Explanation of Abbreviations and Terms

a. This manual is intended to be a comprehensive
Treference guide for differential carrier phase GPS survey-
ing, whether performed by in-house, hired-labor forces,
contracted forces, or combinations thereof. General plan-
ning criteria, field and office execution procedures, and
o . . ) required accuracy specifications for performing differen-
The C|tat|on.or |IIustrat|on in this manual qf trade Names yia| GPS surveys in support of USACE engineering, con-
of commercially available GPS products, including other q,ction, operations, planning, and real estate activities

auxiliary  surveying equipment, instrumentation, and gre provided. Accuracy specifications, procedural criteria,

adjustment software, does not constitute official endorse-5., quality control requirements contained in this manual

ment or approval of the use of such products. shall be directly referenced in the scopes of work for A-E

survey services or other third-party survey services. This
is intended to ensure that uniform and standardized proce-
dures are followed by both hired-labor and contract ser-

vice sources throughout USACE.

GPS surveying terms and abbreviations used in this man
ual are explained in the Glossary (Appendix B).

1-5. Trade Name Exclusions

1-6. Accompanying Guide Specification

A guide specification for the preparation of A-E contracts
for GPS survey services is contained in Appendix G.

11
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b. The primary emphasis of the manual centers ontransformed to non-Sl units of measurements for use in
performing second- and third-order accuracy surveys.local project reference and design systems, such as State
This accuracy level will provide adequate reference con-Plane Coordinate System (SPCS) grids. In all cases, the
trol from which supplemental real estate, engineering, use of metrics shall follow local engineering and construc-
construction layout surveying, and site plan topographiction practices. Non-Sl/metric equivalencies are noted
mapping work may be performed using conventional sur-where applicable, including the critical--and often statu-
vey techniques. Therefore, the survey criteria given in tory--distinction between the U.S. Survey Foot (1,200/
this manual will not necessarily meet the Federal Geodetic3,937 m exactly) and International Foot (30.48/100 m
Control Subcommittee (FGCS) standards and specifica-exactly) conversions.
tions required for the National Geodetic Reference System
(NGRS). However, it should be understood that follow- 1-11. Manual Development and Proponency
ing the methods and procedures given in this manual will
give final results generally equal to or exceeding FGCS The HQUSACE proponent for this manual is the Survey-
second-order relative accuracy criteria. This is adequateing and Analysis Section, General Engineering Branch,
for the majority of USACE projects. Civil Works Directorate. The manual was developed by

the U.S. Army Topographic Engineering Center

c. Chapter 12 herein on GPS cost estimating is (USATEC) during the period 1992-1994 under the Civil
intended to assist those USACE Commands which primar-Works Guidance Update Program, U.S. Army Engineer
ily contract out survey services. Refer to Appendix G for Waterways Experiment Station. Primary technical author-
further information concerning the contracting of GPS ship and/or review was provided by the U.S. Army Engi-
services. neer Districts, Pittsburgh, Tulsa, Detroit, New Orleans,

and St. Louis. Recommended corrections or modifica-

d. This manual briefly covers the theory and physi- tions to this manual should be directed to HQUSACE,
cal concepts of NAVSTAR GPS positioning. Consult the ATTN: CECW-EP-S, 20 Massachusetts Ave. NW, Wash-
related publications in  Appendix A for further ington, DC 20324-1000.
information.

1-12. Distribution
1-9. Life Cycle Project Management Applicability

Copies of this document or any other Civil Works Criteria
Project control established by GPS survey methods mayDocuments can be obtained from: U.S. Army Corps of
be used through the entire life cycle of a project, spanningEngineers, Publications Depot, 2803 52nd Ave, Hyatts-
decades in many cases. During initial reconnaissanceville, MD 20781-1102, Phone: (301) 394-0081.
surveys of a project, control established by GPS should be
permanently monumented and situated in areas that ard-13. Further Information
conducive to the performance or densification of subse-
guent surveys for contract plans and specifications, con-Further information on the technical contents of this man-
struction, and maintenance. During the early planningual can be obtained from:
phases of a project, a comprehensive survey control plan
should be developed which considers survey requirements  U.S. Army Topographic Engineering Center

over a project’s life cycle, with a goal of eliminating ATTN: CETEC-TD-AG
duplicative or redundant surveys to the maximum extent Surveying Division
possible. 7701 Telegraph Road

Alexandria, VA 22315-3864
1-10. Metrics

Phone: (703) 428-6766
Metric units are used in this manual. Metric units are Fax: (703) 428-8176
commonly used in geodetic surveying applications, includ-
ing the GPS survey work covered herein. GPS-derived
geographical or metric Cartesian coordinates are generally

1-2
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Chapter 2 [——Phase Measurements —*1*—Code Measurements
Operational Theory of NAVSTAR GPS I
§ SPS with selective availability i--—+—|
This chapter provides a general overview of the basic 3 SPS without selective avallability -——|
operating principles and theory of the NAVSTAR GPS. ) U
The references listed in Appendix A should be used for i oo
more detailed background of all the topics covered in this| | g ( )
—— —+—iCode Differential| Typical USACE
chapter. E Survey(kinemetic) Actites
——i+1ppm
2-1. Global Positioning System (GPS) Y s}“"‘}""‘"&? S
1 2 51 2 510208 1 2 5 10 20 50100
The NAVSTAR GPS is a passive, satellite-based, naviga-| ™ —*"——————+f—————*
tion system operated and maintained by the Department o KEY | ——
Defense (DoD). Its primary mission is to provide passive Range of values

global positioning/navigation for land-, air-, and sea-based
strategic and tactical forces. A GPS receiver is simply aFigure 2-1. GPS operating modes and accuracies
range measurement device; distances are measured
between the receiver antenna and the satellites, and the
position is determined from the intersections of the range
vectors. These distances are determined by a GP
receiver which precisely measures the time it takes a sig-

nal to travel from the satellite to the station. This mea- . . .
A . . NAVSTAR satellites are observed by a single receiver

surement process is similar to that used in conventional .. . : . . )
positioned on a point for which a position is desired.

pulsing marine navigation systems and in phase compari-_ . . . .
S This receiver may be positioned to be stationary over a
son electronic distance measurement (EDM) land survey- .~ - . . . : ! . .
. . point (i.e., static, Figure 2-2) or in motion (i.e., kinematic
ing equipment. L ) X o
positioning, such as on a vehicle, aircraft, missile, or
backpack). Two levels of absolute positioning accuracy
may be obtained from the NAVSTAR GPS. These are
called the (1) Standard Positioning Service (SPS) and
(2) Precise Positioning Service (PPS).

b. Absolute positioning The most common military
nd civil (i.e., commercial) application of GPS is “abso-
ute positioning” for real-time navigation. When oper-
ating in this passive, real-time navigation mode, ranges to

a. GPS operating and tracking modesThere are
basically two general operating modes from which GPS-
derived positions can be obtained: absolute positioning
and relative or differential positioning. Within each of
these two modes, range measurements to the satellites can (1) Using the SPS, the user is able to achieve real-

be p.erfor.med by tracking either the phasg of the satellite Stime 3D absolute point positioning on the order of 100 m.
carrier signal or the pseudo-random noise codes modu- . . .
. . . .. . "The SPS is the GPS signal that the DoD authorizes to
lated on the carrier signal. In addition, GPS positioning _. . . : -
. . o . civil users. This level of accuracy, achievable by the civil
can be performed with the receiver operating in a static or . ) i
A . : . ) user, is due to the deliberate degradation of the GPS
dynamic (kinematic) environment. This variety of opera- _. : :
. N ) . signal by the DoD for national security reasons. DoD
tional options results in a wide range of accuracy levels degradation of the GPS signal is referred to as “Selective
which may be obtained from the NAVSTAR GPS. Accu- gracat N 9 . .
) . Availability” or S/A. DoD has also implemented Anti-
racies can range from 100 m down to the sub-centimeter . . X
- . Spoofing or A-S which will deny the SPS user the more
level, as shown in Figure 2-1. Increased accuracies to the . .
. . " S accurate P-code. S/A and A-S will be discussed further
sub-centimeter level require additional observing time and,.
: . . . in Chapter 5.
until recently, could not be achieved in real time. Selec-
tion of a particular GPS operating and tracking mode (i.e.,
absolute, differential, code, carrier, static, kinematic, or
combinations thereof) depends on the user application.

USACE survey applications typically require differential

(2) Use of the PPS requires authorization by DoD to
have a decryption device capable of deciphering the
encrypted GPS signals. USACE is an authorized user;

ositioning using carrier phase trackin Some dred ehowever, actual use of the equipment has security impli-
P 9 9 b 9. 9€ ations. Real-time 3D absolute positional accuracies of

control and hydrographic applications can use differential 16-20 m are attainable through use of the PPS.
code measurements. Absolute modes are rarely used for

geodetic surveying applications except when worldwide
reference control is being established.

2-1
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which are comparable to conventional survey azimuth/
distance measurements. Differential GPS (DGPS) posi-
tioning can be performed in either a static or kinematic
mode. Further information on DGPS can be found in
Chapter 6.

2-2. NAVSTAR Program Background

A direct product of the “space race” of the 1960's, the
NAVSTAR GPS is actually the result of the merging of
two independent programs that were begun in the early
1960's: the U.S. Navy's TIMATION Program and the
U.S. Air Force’s 621B Project. Another system similar in
basic concept to the current NAVSTAR GPS was the
U.S. Navy's TRANSIT program, which was also devel-
oped in the 1960's. Currently, the entire system is main-
tained by the NAVSTAR GPS Joint Program Office
(JPO), a North Atlantic Treaty Organization (NATO)
multiservice type organization. DoD originally designed
the NAVSTAR GPS to provide sea, air, and ground
forces of the United States and members of NATO with a
unified, high-precision, all-weather, worldwide, real-time
positioning system. Mandated by Congress, GPS is freely
(3) With certain specialized GPS receiving equip- used by both the military and civilian public for real-time
ment, data processing refinements, and long-term staticabsolute positioning of ships, aircraft, and land vehicles,
observations, absolute positional coordinates may beas well as highly precise differential point positioning.
determined to accuracy levels less than a meter. Applica-
tions of this are usually limited to worldwide geodetic 2-3. NAVSTAR System Configuration
reference surveys.

Figure 2-2. Performing static differential GPS surveys

The NAVSTAR GPS consists of three distinct segments:
(4) These absolute point positioning accuracy levelsthe space segment (satellites), the control segment (ground
are not suitable for USACE surveying applications other tracking and monitoring stations), and the user segment
than rough reconnaissance work or general vessel navigafair-, land-, and sea-based receivers). See Figure 2-3 for
tion. They may be useful for some military topographic a representation of the basic GPS system segments.
surveying applications (e.g., artillery surveying).

c. Differential or relative GPS positioning.Differ-
ential positioning is simply a process of measuring the
differences in coordinates between two receiver points,
each of which is simultaneously observing/measuring
satellite code ranges and/or carrier phases from theg
NAVSTAR GPS constellation. The process actually
involves the measurement of the difference in ranges
between the satellites and two or more ground observing
points. The range measurement is performed by a phas
difference comparison, using either the carrier phase or
code phase. The basic principle is that the absolute posi
tioning errors at the two receiver points will be approxi-
mately the same for a given instant. The resultant
accuracy of these coordinate differences is at the mete
level for code phase observations and at the centimete
level for carrier phase tracking. These coordinate differ-
ences are usually expressed as 3D “baseline vectors

Satellite Segment |

Control Segment |

'Figure 2-3. GPS system segments

2-2
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a. Space segmenfThe space segment consists of all The Master Control Station is located at Colorado
GPS satellites in orbit. The first generation of satellites Springs, Colorado. All data from the tracking stations are
was the Block | or developmental. Several of these aretransmitted to the Master Control Station where they are
still operational. A full constellation of Block Il or pro- processed and analyzed. Ephemerides, clock corrections,
duction satellites is presently being put into orbit using and other message data are then transmitted back to the
Delta Il launch vehicles. The full 24-satellite constella- three stations for subsequent transmittal back to the satel-
tion is scheduled to be in orbit by early FY.94Vhen this lites. The Master Control Station is also responsible for
full constellation is implemented, there will be 24 the daily management and control of the GPS satellites
Block Il operational satellites (21 primary with 3 active and the overall control segment.
on-orbit spares). There will be four satellites in each of
six orbital planes inclined at 55 deg to the equator. The c. User segment. The user segment represents the
satellites will be at altitudes of 10,898 nm (20,183 km), ground-based receiver units that process the NAVSTAR
and have 11-hr-56-minute orbital periods. The three satellite signals and arrive at a position of the user. It
active spares will be transparent to the user on theconsists of both military and civil activities for an almost
ground; i.e., the user will not be able to tell which are unlimited number of applications in a variety of air-, sea-,
operational satellites and which are spares. A procure-or land-based platforms. Land surveying applications
ment action for Block IIR (R is for replacement) satellites (including those of USACE) represent a small percentage
is underway, thus ensuring full system performance of current and potential GPS users.
through the year 2025. Figure 2-4 illustrates some of the
common design characteristics of the NAVSTAR GPS 2-4. GPS Broadcast Frequencies and Codes
fully configured Block IIR constellation.

Each NAVSTAR satellite transmits signals on two L-band
frequencies, designated as L1 and L2. The L1 carrier fre-
quency is 1575.42 megahertz (MHz) and has a wave-
length of approximately 19 centimeters (cm). The L2
carrier frequency is 1227.60 MHz and has a wavelength
of approximately 24 cm. The L1 signal is modulated
with a Precise Code (P-code) and a Coarse Acquisition
Code (C/A-code). The L2 signal is modulated with only
the P-code. Each satellite carries precise atomic clocks to

Full Constellation Configuratian
Six orbifal planes inclined 55° fo the equator
10,924 nmi {20,186 km] ocbital aftitude

4 satellites/plane

21 active + 3 spare satellites

NAVSTAR GPS Block IR Satellites generate the timing information needed for precise posi-
Signal Stnuchure tioning. A navigation message is also transmitted on both
:“rx:"n::w | — diivida by 10 frequencies. This message contains ephemerides, plock
10.23MHz | [ Lbad [ /A Gods [P Goda | sateie o] correction and coefficients, hea!th and status of satellites,
almanacs of all GPS satelltes, and other general
lﬂ‘uniph’ by_._ (misrs4zi 1.023 (1023 Chipping information.
154 MHz MHz | MHz Rala
mutiply by | 22760 Optional | 1923 s a. Pseudo-random noise.The modulated C/A- and
120 MHz MHz 50 bps P-codes are referred to as pseudo-random noise (PRN).
Leng!h(m)l 293 | 203 | 5950 k I This pseudo-random code is actually a sequence of very
| — hwaek] N/A | precise time marks that per.mlt the grounpl receivers to
' S compare and compute the time of transmission between

the satellite and ground station. From this transmission
Figure 2-4. NAVSTAR GPS Block IIR constellation time, the range to the satellite can be derived. This is the
basis behind GPS range measurements. The C/A-code
b. Control segment The GPS control segment con- pulse intervals are approximately every 300 m in range
sists of five tracking stations located throughout the world and the more accurate P-code every 30 m.
(Figure 2-5). These stations are in Hawaii, Colorado,
Ascension Island, Diego Garcia, and Kwajalein. The b. Pseudo-ranges.A pseudo-range is the time delay
information obtained from tracking the satellites is used in between the satellite clock and the receiver clock, as
controlling the satellites and predicting their orbits. Three determined from C/A- or P-code pulses. This time
of the stations (Ascension, Diego Garcia, and Kwajalein)
are used for transmitting information back to the satellites.

2-3
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®A

Master Control Station Ascension
@ Monitor Station

A Ground Antenna

Figure 2-5. GPS control station network

difference equates to the range measurement but is called e Carrier phase measurement€arrier frequency
a pseudo-range since at the time of the measurement, theracking measures the phase differences between the Dop-
receiver clock is not synchronized to the satellite clock. pler shifted satellite and receiver frequencies. The phase
In most cases, an absolute 3D real-time navigation posi-differences are continuously changing due to the changing
tion can be obtained by observing at least four simulta- satellite earth geometry. However, such effects are
neous pseudo-ranges. resolved in the receiver and subsequent data post-process-
ing. When carrier phase measurements are observed and

c. SPS The SPS uses the less precise C/A-codecompared between two stations (i.e., relative or differen-
pseudo-ranges for real-time GPS navigation. Due totial mode), baseline vector accuracy between the stations
deliberate DoD degradation of the C/A-code accuracy, below the centimeter level is attainable in three dimen-
100 m in horizontal and 156 m in vertical accuracy levels sions. New receiver technology and processing tech-
result. These accuracy levels are adequate for most civiniques have allowed for carrier phase measurements to be
or nonmilitary applications, where only approximate real- used in real-time centimeter positioning.
time navigation is required.

2-5. GPS Broadcast Messages and Ephemeris

d. PPS The PPS is the fundamental military real- Data
time navigation use of GPS. Pseudo-ranges are obtained
using the higher pulse rate (i.e., higher accuracy) P-codeEach NAVSTAR GPS satellite periodically broadcasts
on both frequencies (L1 and L2). Real-time 3D accura- data concerning clock corrections, system/satellite status,
cies at the 16-m level (and 10 m horizontal) can be and most critically, its position or ephemeris data. There
achieved with the PPS. The P-code is encrypted to pre-are two basic types of ephemeris data: broadcast and
vent unauthorized civil or foreign use. This encryption precise.
will require a special key to obtain this 16-m accuracy.
These accuracies are adequate for some USACE survey- a. Broadcast ephemeridesThe broadcast ephemer-
ing and mapping projects (i.e. GIS database input). ides are actually predicted satellite positions broadcast
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within the navigation message that are transmitted fromto obtain the more accurate satellite positions. These
the satellites in real time. The ephemerides can beephemerides are available at a later date and are more
acquired in real time by a receiver capable of acquiring accurate than the broadcast ephemerides because they are
either the C/A- or P-code. The broadcast ephemerides ardased on actual tracking data and not predicted data.
computed using past tracking data of the satellites. TheNonmilitary users can obtain this information from the
satellites are tracked continuously by the monitor stationsNational Geodetic Survey (NGS) or from private sources
to obtain more recent data to be used for the orbit pre-that maintain their own tracking networks and provide
dictions. The data are analyzed by the Master Controlinformation for a fee. For most USACE survey
Station, and new parameters for the satellite orbits areapplications, the broadcast ephemerides are adequate to
transmitted back to the satellites. This upload is per- obtain the needed accuracies.
formed daily with new predicted orbital elements trans-
mitted every hour by the navigation message. c. See Appendix D for sources of GPS information
and its status.

b. Precise ephemerides.The precise ephemerides

are based on actual tracking data that are post-processed
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Chapter 3 be determined from benchmark data and corresponding
GPS Applications in USACE GPS data. This model can then be used to derive the

unknown orthometric heights of stations occupied during
a GPS observation period to densify supplemental small-
scale topographic mapping. Geoid modeling software also
exists and is used to determine orthometric heights from

) . o GPS. Extreme caution should be taken in using GPS for
Currently, surveyors use GPS to increase their efficiency,yertical densification. The procedures for vertical densifi-

productivity, and to produce more accurate results. GPS_,tion are described in further detail in Chapter .

can be used for real estate surveys, regulatory enforce-

ment actions, horizontal and vertical control densification, 3.5. Structural Deformation Studies

structural deformation studies, airborne photogrammetry,

dynamic positioning and navigation for hydrographic Gpg syrvey techniques can be used to monitor the motion

survey vessels and dredges, hydraulic study/survey locays points on a structure relative to stable monuments.

tion, .rlver/floc.)dplaln cross-sgcnon location, core drilling This can be done with an array of antennae positioned at

location, environmental studies, levee overbank SurveySggjected points on the structure and on remote stable

and levee profiling. Future construction uses of dynamic yon ments. Baselines are formulated between the occu-

GPS are unlimited: levee grading and revetment place-pieq noints to monitor differential movement. The rela-

ment, disposal area construction, grade control, etc. Addi-; e precision of the measurements is on the order of

tionally, GPS has application in developing various levels .5 1y over distances averaging between 5 and 10 km.

of GIS spatial data. A few of these applications are \;aasurements can be made on a continuous basis. A

briefly described in this chapter. GPS structural deformation system can operate unattended
and is relatively easily installed and maintained.

3-1. General

3-2. Project Control Densification

L L : ) . 3-6. Photogrammetr
Establishing or densifying project control with GPS is g y
often cost-effectlve,' faster, more accurate, and more r?"'The use of an airborne GPS receiver employing on-the-fly
able than conventional survey methods. The quality (oTF) techniques combined with specialized photogram-
control statistics and large number of redundant measure,qtric procedures has the potential to significantly reduce

ments in GPS networks help to ensure reliable results.i,o amount of ground control for typical photogrammetric
Field operations to perform a GPS survey are relatively projects. Currently, these projects require a significant

easy and can generally be performed by one person pefnoynt of manpower and monetary resources for the
receiver. GPS is particularly attractive for control net- ggapjishment of the control points. Therefore, the use of
works as compared with conventional surveys becauséhis Gps Controlled Photogrammetry (GCP) technology in
intervisibility is not required between adjacent stations. 1o USACE civil works programs should reduce the pro-
duction costs associated with large scale maps. The bene-
fits of GCP will be realized in the savings estimation
based on the premise that most of the USACE photogram-
‘metry activities require USACE personnel to do much

3-3. Geodetic Control Densification

GPS can be used for wide-area high-order geodetic con
trol densification. GPS provides very precise point posi- planning and surveying in preparation for the actual pho-

tioning (when used in a relative mode), producing yyqrammetry flight, and the GCP procedure has the poten-
baseline results on the order of 5 to 10 ppm under aver-ia for the reduction, or even elimination, of this

age conditions. surveying activity. Tests have shown that ground control
coordinates can be developed from an airborne platform
using adapted GPS kinematic techniques to centimeter-
. level precision in all three axes if system-related errors
GPS uses the World Geodetic System of 1984 (WGS 84),r6 minimized and care is taken in conduct of the GPS
ellipsoid as the optimal mathemathal modelldescrlblng and photogrammetric portions of the procedures. High
the shape of the earth on an ellipsoid of rotation. There,5jity photogrammetric results can also be achieved with

is no direct mathematical relation between heights pGps hased on carrier-smoothed code phase positioning.
obtained from GPS and orthometric elevations obtained

from conventional spirit leveling. However, a model can

3-4. Vertical Control Densification
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3-7. Dynamic Positioning and Navigation 3-8. GIS Integration

Dynamic, real-time GPS code and carrier phase position-A GIS is an effective means to correlate and store diverse
ing of construction and surveying platforms has the poten-information on natural or man-made characteristics of

tial for revolutionizing many current USACE design and geographic positions. In order for a GIS to be reliably

construction functions. This includes dredge control oriented, it should be based on a coordinate system. A
systems, site investigation studies/surveys, horizontal andtandardized GIS network enables a more accurate
vertical construction placement, hydraulic studies, or anyexchange of GIS information between databases. In
other activity requiring dimensional control. Real-time, recent years, GPS has demonstrated its efficiency, cost
centimeter-level 3D (based on the WGS 84 Ellipsoid) effectiveness, and accuracy in precise surveying and map-
control may be achieved using carrier phase differential ping support.

GPS; this method can be used for any type of construc-

tion or survey platform (e.g., dredges, graders, survey

vessels, etc.). This method is discussed further in

Chapter 6.
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Chapter 4
GPS Reference Systems

4-1. General

In order to fully understand GPS, and its positional infor-
mation, it is important to understand the reference system NS = axs of rotation

on which it is based. The GPS satellites are referenced tq h = height above reference ellipsoid
the WGS 84 ellipsoid. For surveying purposes, this earth- *oYudy = Carteslan coardinates of poini P
centered WGS 84 coordinate system must be converteq
(i.e., transformed) to a user-defined ellipsoid/datum, such

LEGEND

as the Clarke 1866 (North American Datum of 1927 LEGEND

(NAD 27)) or Geodetic Reference System of 1980 2 = 172 of major axis "
(GRS 80) reference ellipsoids. Differential positioning Hmmn::{‘f_fy';“"m“*
provides this conversion by locating one of the receivers NS = axis of rotation

MINOR _AXIS

at a known point on the user’'s datum. This chapter dealg
with GPS reference systems and datums to which GPS

- WGS 84 Ellipsoid Dafining Paramaters
coordinates can be transformed.

Semi-major axis = 6,378,137 m
Harmanic coefficient = (-)484,16685 « 10°

4-2. Geodetic Coordinate Systems Anguler velocity = 7,252,115 * 10° rad/sec
Gravity constant = 336,600.5 km*/sec®
Semi-minor axis = 6,356, 752.3142 m

The absolute positions obtained directly from GPS Paftening - 1/298.257223563
pseudo-range measurements are based on the 3D, earth
centered WGS 84 ellipsoid. Coordinate outputs are on a
Cartesian system (X, Y, and Z) relative to an Earth Cen-
tered Earth Fixed (ECEF) Rectangular Coordinate System
having the same origin as the WGS 84 ellipsoid, i.e. geo-

centric. This geocentric X-Y-Z coordinate system should go /615 reference ellipsoids and interrelated coordinate

not be confused with the X-Y plane coordinates estab-Systems (datums) that were used by the surveying com-

lished on local grids; local systems usually have entirely munity. Table 4-1 lists just a few of these systems, some
different definitions, origins, and orientations which of which are widely used even today.

require certain transformations to be performed. WGS 84
Cartesian coordinates can be easily converted into
WGS 84 ellipsoid coordinates (i.eq A, andh, geodetic ~ Table 4-1

Figure 4-1. GPS WGS 84 reference ellipsoid

b. Prior to development of WGS 84, there were

latitude, Iongitude, and height, respectively). Reference Ellipsoids and Related Coordinate Systems
Reference Coordinate System

4-3. WGS 84 Reference Ellipsoid Ellipsoid (Datum)

Clarke 1866 NAD 27

a. The origin of the WGS 84 Cartesian system is the WGS 72 WGS 72

earth’s center of mass. The Z-axis is parallel to the direc- GRS 80 NAD 83

tion of the Conventional Terrestrial Pole (CTP) for polar Wes 84 Wes 84

motion, as defined by the Bureau International Heure
(BIH), and equal to the rotation axis of the WGS 84 ellip-
soid. The X-axis is the intersection of the WGS 84 refer-

ence meridian plane and the CTP’s equator, the referencgyne YsACE application of differential GPS surveying is

meridian being parallel to the zero meridian defined by i, gensifying military construction and civil works project
the BIH and equal to the X-axis of the WGS 84 ellipsoid. cqnirol. “This densification is usually done relative to an

The Y-axis completes a right-handed, earth-centered,existing datum (NAD 27, NAD 83, or local). Even
earth-fixed orthogonal coordinate system, measured in the{hough GPS measurements are made relative to the
plane of the CTP equator 90 deg east of the X-axis andyGs 84 ellipsoidal coordinate system, coordinate differ-

equal to the Y-axis of the WGS 84 ellipsoid. This system oceg (ie., baseline vectors) on this system can, for
is illustrated in Figure 4-1.

4-4. Horizontal Positioning Datums
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practical engineering purposes, be used directly on anysurvey point. Since the confusion and potential litigation
local user datum. Thus, a GPS-coordinated WGS 84inherent with multiple coordinates with the same point
baseline can be directly used on an NAD 27, NAD 83, or can adversely impact design, construction, boundary
even a local project datum. Minor variations between location, and other functions, use of HARNS is not
these datums will be minimal when GPS data are adjustedecommended.
to fit between local datum stations. Such assumptions
may not be valid when high-order NGRS network densifi- d. Geodetic survey datumsGPS uses the WGS 84
cation work is being performed. reference ellipsoid for geodetic survey purposes. GPS
routinely provides differential horizontal positional results
a. North American Datum of 1927 (NAD 27). on the order of 1 ppm, compared to the accepted results
NAD 27 is a horizontal datum based on a comprehensiveof 1:300,000 for NAD 83 and (approximately) 1:100,000
adjustment of a national network of traverse and triangu-for NAD 27. Even though GPS has such a high degree
lation stations. NAD 27 is a best fit for the continental of precision, it provides only coordinate differences;
United States. The fixed datum reference point is locatedtherefore, ties to the national network to obtain coordi-
at Meades Ranch, Kansas. The longitude origin of nates of all GPS stations must be done without distorting
NAD 27 is the Greenwich Meridian with a south azimuth the established control network (i.e., degrade the
orientation. The original network adjustment used 25,000 GPS-derived vectors during the adjustment). Generally,
stations. The relative precision between initial point mon- on midsize survey projects, three or more horizontal con-
uments of NAD 27 is by definition 1:100,000, but coordi- trol stations from the national network can be used during
nates on any given monument in the network containthe GPS observation scheme. In order to facilitate a tie
errors of varying degrees. As a result, relative accuracybetween GPS and existing networks for horizontal control,
between points on NAD 27 may be far less than the nom-an adjustment of the whole network scheme (all control
inal 1:100,000. The reference units for NAD 27 are and GPS-derived points) should be completed. There are
U.S. Survey Feet. many commercial software packages that can be used to
perform this adjustment. Once a network adjustment
b. North American Datum of 1983 (NAD 83). meets the accuracy requirement, those values should not
NAD 83 uses many more stations and observations tharbe readjusted with additional points or observations.
NAD 27, including some satellite-derived coordinates, to
readjust the national network (a total of approximately e. Local project datums. Several projects can be
250,000 stations were used). The longitude origin of NAD based on local project datums. These local datums might
83 is the Greenwich Meridian with a north azimuth orien- be accurate within a small area, but can become distorted
tation. NAD 83 has an average precision of 1:300,000.over larger areas. Most local project datums are not
NAD 83 is based upon the GRS 80, an earth-centeredconnected to any other datums, but can be tied to outside
reference ellipsoid, and for most practical purposes iscontrol and related and transformed to another datum. It
equivalent to WGS 84, which is currently the best avail- is important to understand how this local datum was
able geodetic model of the shape of the earth surfaceestablished in order to relate it or perform a transforma-
worldwide. The reference units for NAD 83 are meters. tion to some other datum.

c. HARNs Network Survey DatumThe nationwide f. State Plane Coordinate SystenThe SPCS was
horizontal reference network was redefined in 1983 anddeveloped by the NGS to provide a planar representation
readjusted in 1986 by the NGS. It is known as the North of the earth’s surface. To properly relate spherical coor-
American Datum of 1983, adjustment of 1986, and is dinates @A) to a planar system (Northings and Eastings),
referred to as NAD 83 (86). It is accurate to 1 part in a developable surface must be constructed. A developable
100,000 which normally satisfies USACE surveying, surface is defined as a surface that can be expanded with-
mapping, and related spatial database requirementsout stretching or tearing. The two most common develop-
USACE adopted this datum on 5 March 1990. Since thatable surfaces or map projections used in surveying and
time, several states and the NGS have begun developingnapping are the cone and cylinder. The projection of
High Accuracy Reference Networks (HARNS) for survey- choice is dependent on the north-south or east-west extent
ing, mapping, and related spatial database projects. Thesef the region. Areas with limited east-west dimensions
networks, developed exclusively with GPS, are accurate toand elongated north-south extent utilize the Transverse
1 part in 1,000,000. HARNs have a slightly different Mercator projection. Areas with limited north-south
coordinate, usually within one meter of those in NAD 83 dimensions and elongated east-west extent utilize the
(86), resulting in two coordinate values for the same
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Lambert projection. For further information on the State
Plane Coordinate System see EM 1110-1-1004.

4-5, Orthometric Elevations

Orthometric elevations are those corresponding to the|
earth’s irregular geoidal surface. Measured differences in
elevation from spirit leveling are generally relative to

geoidal heights--a spirit level bubble (or pendulum) posi-

! . . : : H = orthometric elavation above Spirtt Lavet GPS
tions the mstrumept normal to the direction qf gravity, refarence geoxd surface Chomatc  Wassd
and thus parallel with the local slope of the geoid. Eleva- {i.e., spiit level} v a olov
tion differences between two points are orthometric differ- | = 5Peos beate | H,-Heh, b

ences, a distinction particularly important in river/channel

hydraulics. Orthometric heights for the continental United 3:?;"’ mm“e:i(?:“ ;?T:? ;,;m ' can be Inerpolated only
States (CONUS) are generally referenced to the Nationa
Geodetic Vertical Datum of 1929 (NGVD 29) or the
North American Vertical Datum of 1988 (NAVD 88); Therefore v - caution]
however, other vertical datums may be used in some

projects (e.g., the International Great Lakes Datum of Figure 4-2. GPS ellipsoid heights

1955 (IGLD 55) or International Great Lakes Datum of

1985 (IGLD 85)), which is a dynamic/hydraulic-based N = geoid undulation

datum, not an orthometric datum).

N = (N, + N2 N = N, (true geoktal height)

a. Due to significant variations in the geoid, even

4-6. GPS WGS 84 Ellipsoidal Heights over small distances, elevation differences obtained by

GPS cannot be directly equated to orthometric (or spirit
GPS-determined heights or height differences are referdevel) differences. Geoid modeling techniques are often
enced to an idealized mathematical ellipsoid, i.e., used to obtain the parametirin Equation 4-1; however,
WGS 84. This WGS 84 ellipsoid differs significantly accuracies may not be adequate for engineering purposes.
from the geoid; thus, GPS heights are not the same as th&ome small project areas where the geoid stays fairly
orthometric heights which are needed for standardconstant or local geoid modeling can be performed, eleva-
USACE projects (i.e. local engineering, construction, and tion differences obtained by GPS can be used. See Chap-
hydraulic measurement functions). (See Figure 4-2.)ter 6 for further information on the concept of vertical
Accordingly, any WGS-84-referenced height obtained densification with GPS.
using GPS must be transformed to the local orthometric
vertical datum. This requires adjusting and interpolating b. GPS surveys can be designed to provide eleva-
GPS-derived heights relative to fixed orthometric eleva- tions of points on the local vertical datum. This requires
tions. Such a process may or may not be of suitableconnecting to a sufficient number of existing orthometric
accuracy (i.e. reliability) for some engineering and con- benchmarks from which the elevations of unknown points

struction work. See Table 6-1 in Chapter 6. can be “best fit"” by some adjustment method--usually a
least squares minimization. This is essentially an interpo-
4-7. Orthometric-WGS 84 Elevation Relationship lation process and assumes linearity in the geoid slope

between two established benchmarks. If the geoid varia-
The relationship between a WGS 84 ellipsoidal height andtion is not linear, then the adjusted (interpolated) elevation
an orthometric height relative to the geoid can be obtainedof an intermediate point will be in error. Depending on

from the following equation: the station spacing, location, local geoid undulations, and
numerous other factors, the resultant interpolated/adjusted

h=H+N 4-1) elevation accuracy is usually not suitable for construction
surveying purposes; however, GPS-derived elevations may

where be adequate for small-scale topographic mapping control.

h = ellipsoidal height

H = elevation (orthometric)
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Chapter 5 b. Absolute point positioning with the carrier phase.
GPS Absolute Positioning Determination By using broadcast ephemerides, the user is able to use

pseudo-range values in real time to determine absolute
point positions with an accuracy of between 3 m in the
best of conditions and 80 m in the worst. By using a
post-processed ephemerides (i.e., precise), the user can
5-1. General expect absolute point positions with an accuracy of near

1 m in the best of conditions and 40 m in the worst.
NAVSTAR GPS determination of a point position on the

earth actually uses techniques common to conventionak.3. pseudo-Ranging
surveying trilateration: an electronic distance measure-
ment resection. The user’'s receiver simply measures theyhen a GPS user performs a GPS navigation solution,
distance (i.e., ranges) between the earth and thepnly an approximate range, or pseudo-range, to selected
NAVSTAR GPS satellite(s). The user’s position is deter- satellites is measured. In order for the GPS user to deter-
mined by the resected intersection of the observed rangesnine his/her precise location, the known range to the
to the satellites. Each satellite range creates a sphergatellite and the position of those satellites must be
which forms a circle (approximately) upon intersection known. By pseudo-ranging, the GPS user measures an
with the earth’s surface. Given observed ranges to twoapproximate distance between the antenna and the satellite
different satellites, two intersecting circles result from by correlation of a satellite-transmitted code and a refer-
which a horizontal (2D) position on the earth can be ence code created by the receiver, without any corrections
computed. Adding a third satellite range creates threefor errors in synchronization between the clock of the
spheres, the intersection point of which will provide the transmitter and that of the receiver. The distance the
X-Y-Z geocentric coordinates of a point. Adding more sjgnal has traveled is equal to the velocity of the transmis-
satellite ranges will provide redundancy in the positioning, sion of the satellite multiplied by the elapsed time of
which allows adjustment. In actual practice, at least four transmission, with satellite signal velocity changes due to
satellite observations are required in order to resolvetropospheric and ionospheric conditions being considered.
timing variations for a 3D position. Refer to Figure 5-1 for an illustration of the pseudo-rang-
ing concept. (See also paragrapha&hd)

Concepts, Errors, and Accuracies

5-2. Absolute Positioning
a. The accuracy of the positioned point is a function

Absolute positioning involves the use of only a single of the range measurement accuracy and the geometry of
passive receiver at one station location to collect datathe satellites, as reduced to spherical intersections with the
from multiple satellites in order to determine the station’s earth’s surface. A description of the geometrical magnifi-
location. It is not sufficiently accurate for precise survey- cation of uncertainty in a GPS-determined point position
ing or hydrographic positioning uses. It is, however, the is Dilution of Precision (DOP), which is discussed in
most widely used military and commercial GPS position- section 5-8(2). Repeated and redundant range obser-
ing method for real-time navigation and location (see vations will generally improve range accuracy. However,
paragraph 2-4). the dilution of precision remains the same. In a static

mode (meaning the GPS antenna stays stationary), range

a. The accuracies obtained by GPS absolute posi-measurements to each satellite may be continuously
tioning are dependent on the user's authorization. Theremeasured over varying orbital locations of the satel-
SPS user can obtain real-time point positional accuraciedite(s). The varying satellite orbits cause varying posi-
of 100 m. The lower level of accuracies achievable usingtional intersection geometry. In addition, simultaneous
SPS is due to intentional degradation of the GPS signalfange observations to numerous satellites can be adjusted
by the DoD (S/A). The PPS user (usually a DoD- using weighting techniques based on the elevation and
approved user) can use a decryption device to achieve #seudo-range measurement reliability.
point positional (3D) accuracy in the range of 10-16 m
with a single-frequency receiver. Accuracies to less than  b. Four pseudo-range observations are needed to
a meter can be obtained from absolute GPS measurementgsolve a GPS 3D position. (Only three pseudo-range

when special equipment and post-processing technique@bservations are needed for a 2D location.) In practice
are employed. there are often more than four. This is due to the need to
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Figure 5-1. GPS satellite range measurement

resolve the clock biaseAt contained in both the satellite
and ground-based receiver. Thus, in solving for the
X-Y-Z coordinates of a point, a fourth unknown (i.e.,
clock bias) must also be included in the solution. The
solution of the 3D position of a point is simply the solu-

tion of four pseudo-range observation equations contain-

ing four unknowns, i.e., X, Y, Z, andt.

5-2

c. A pseudo-range observation is equal to the true
range from the satellite to the uspf plus delays due to
satellite/receiver clock biases and other effects, as was
shown in Figure 5-1.

R=p'+c@l) +d (5-1)
where

R = observed pseudo-range

p' = true range to satellite (unknown)

¢ = velocity of propagation

At = clock biases (receiver and satellite)

d = propagation delays due to atmospheric

conditions

These are usually estimated from models.

The true range' is equal to the 3D coordinate difference
between the satellite and user.

pt - [(Xs _ Xu)Z " (Ys _ Yu)z

1 (5-2)
. (Zs _ Zu)z]'z
where
x5 Y, 28 = known satellite coordinates from
ephemeris data
x4y zY = unknown coordinates of user which are to

be determined.

When four pseudo-ranges are observed, four equations are
formed from Equations 5-1 and 5-2.

(Rl Y At - d1)2 = (Xls - XU)Z (5_3)

RTINS

(5-4)
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a. Ephemeris errors and orbit perturbationsSatel-
(5-5) lite ephemeris errors are errors in the prediction of a
satellite position which may then be transmitted to the
user in the satellite data message. Ephemeris errors are
satellite dependent and very difficult to completely correct
and compensate for because the many forces acting on the
(5-6) predicted orbit of a satellite are difficult to measure
+ (zf -Z U) directly. Because direct measurement of all forces acting
on a satellite orbit is difficult, it is nearly impossible to
accurately account or compensate for those error sources
In these equations, the only unknowns afe Y, Z¥, and when modeling the orbit of a satellite. The previous
At. Solving these equations at each GPS update yields theccuracy levels stated are subject to performance of
user's 3D position coordinates. Adding more pseudo- equipment and conditions. Ephemeris errors produce
range observations provides redundancy to the solutionequal error shifts in calculated absolute point positions.
For instance, if seven satellites are simultaneously
observed, seven equations are derived, and still only four  b. Clock stability. GPS relies very heavily on accu-
unknowns result. rate time measurements. GPS satellites carry rubidium
and cesium time standards that are usually accurate to
d. This solution is highly dependent on the accuracy 1 part in 102 and 1 part in 18, respectively, while most
of the known coordinates of each satellite (i), Y°, and receiver clocks are actuated by a quartz standard accurate
Z°), the accuracy with which the atmospheric deldysan to 1 part in 16. A time offset is the difference between
be estimated through modeling, and the accuracy of thethe time as recorded by the satellite clock and that
resolution of the actual time measurement process pertecorded by the receiver. Range error observed by the
formed in a GPS receiver (clock synchronization, signal user as the result of time offsets between the satellite and
processing, signal noise, etc.). As with any measurementeceiver clock is a linear relationship and can be approxi-
process, repeated and long-term observations from amated by the following equation:
single point will enhance the overall positional reliability.
Ro=T,*c (5-7)
5-4. GPS Error Sources

There are numerous sources of measurement error thawvhere

influence GPS performance. The sum of all systematic

errors or biases contributing to the measurement error is R = user equivalent range error

referred to as range bias. The observed GPS range, with-

out removal of biases, is referred to as a biased range or T, = time offset

“pseudo-range.” Principal contributors to the final range

error that also contribute to overall GPS error are epheme- c = speed of light

ries error, satellite clock and electronics inaccuracies,

tropospheric and ionospheric refraction, atmospheric (1) The following example shows the calculation of
absorption, receiver noise, and multipath effects. Otherthe user equivalent range error (UERE or UR).
errors include those induced by DoD (Selective Availabil-

ity (S/A) and Anti-Spoofing (A/S)). In addition to these T, = 1 microsecond (us) = 10 seconds (s)
major errors, GPS also contains random observation
errors, such as unexplainable and unpredictable time vari- c =299,792,458 m/s

ation. These errors are impossible to model and correct.
The following paragraphs discuss errors associated withFrom Equation 5-7:
absolute GPS positioning modes. Many of these errors

are either eliminated or significantly minimized when R: = (10° seconds) * 299,792,458 m/s
GPS is used in a differential mode. This is due to the
same errors being common to both receivers during simul- =299.79 m = 300 m user equivalent range error

taneous observing sessions. For a more detailed analysis
of these errors, consult one of the technical references  (2) In general, unpredictable transient situations that
listed in Appendix A. produce high-order departures in clock time can be
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ignored over short periods of time. Even though this may frequency measurements). During a period of uninter-
be the case, predictable time drift of the satellite clocks isrupted observation of the L1 and L2 signals, these signals
closely monitored by the ground control stations. can be continuously counted and differenced. The result-
Through closely monitoring the time drift, the ground ant difference reflects the variable effects of the iono-
control stations are able to determine second-order poly-sphere delay on the GPS signal. Single-frequency
nomials which accurately model the time drift. The receivers used in an absolute and differential positioning
second-order polynomial determined by the ground con-mode typically rely on ionospheric models that model the
trol station to model the time drift is included in the effects of the ionosphere. Recent efforts have shown that
broadcast message in an effort to keep this drift to within significant ionospheric delay removal can be achieved
1 millisecond (ms). The time synchronization between using signal frequency receivers.
the GPS satellite clocks is kept to within 20 nsec (ns)
through the broadcast clock corrections as determined by  d. Tropospheric delays.GPS signals in the L-band
the ground control stations and the synchronization oflevel are not dispersed by the troposphere, but they are
GPS standard time to the Universal Time Coordinatedrefracted. The tropospheric conditions causing refraction
(UTC) to within 100 ns. Random time drifts are unpre- of the GPS signal can be modeled by measuring the dry
dictable, thereby making them impossible to model. and wet components. The dry component is best approxi-
mated by the following equation:

(3) GPS receiver clock errors can be modeled in a
manner similar to GPS satellite clock errors. In addition
to modeling the satellite clock errors and in an effort to
remove them, an additional satellite should be observed
during operation to simply solve for an extra clock offset
parameter along with the required coordinate parameterswhere
This procedure is based on the assumption that the clock
bias is independent at each measurement epoch. Rigorous D, dry term range contribution in zenith direction
estimation of the clock terms is more important for point in meters
positioning than for differential positioning. Many of the
clock terms cancel when the position equations are Po
formed from the observations during a differential survey
session. (1) The following example shows the calculation of

average atmospheric pressitg= 765 mb:

D, = (2.27+ 0.001) P, (5-8)

surface pressure in millibar

c. lonospheric delays.GPS signals are electromag-
netic signals and as such are nonlinearly dispersed andrrom Equation 5-8:
refracted when transmitted through a highly charged envi-
ronment like the ionosphere. Dispersion and refraction of Dc
the GPS signal is referred to as an ionospheric range
effect because dispersion and refraction of the signal 1.736% m = 1.7 m, the dry term range error
result in an error in the GPS range value. lonospheric contribution in the zenith direction
range effects are frequency dependent.

(2.27 * 0.001) * 765 mb

(2) The wet component is considerably more diffi-
(1) The error effect of ionosphere refraction on the cult to approximate because its approximation is depen-
GPS range values is dependent on sunspot activity, timedent not just on surface conditions, but also on the
of day, and satellite geometry. GPS operations conductecatmospheric conditions (water vapor content, temperature,
during periods of high sunspot activity or with satellites altitude, and angle of the signal path above the horizon)
near the horizon produce range results with the mostalong the entire GPS signal path. As this is the case,
error. GPS operations conducted during periods of lowthere has not been a well-correlated model that approxi-
sunspot activity, during the night, or with a satellite near mates the wet component.
the zenith produce range results with the least amount of
ionospheric error. e. Multipath. Multipath describes an error affecting
positioning that occurs when the signal arrives at the
(2) Resolution of ionospheric refraction can be receiver from more than one path. Multipath normally
accomplished by use of a dual-frequency receiver (aoccurs near large reflective surfaces, such as a metal
receiver that can simultaneously record both L1 and L2 building or structure. GPS signals received as a result of
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multipath give inaccurate GPS positions when processedDifferential techniques also eliminate many of these
With the newer receiver and antenna designs and souncbrrors. Table 5-1 lists the more significant sources for
prior mission planning to eliminate possible causes of errors and biases and correlates them to the segment
multipath, the effects of multipath as an error source cansource.

be minimized. Averaging of GPS signals over a period of

time can also reduce the effects of multipath. 5-6. Absolute GPS Accuracies

f.  Receiver noise.Receiver noise includes a variety The absolute range accuracies obtainable from GPS are
of errors associated with the ability of the GPS receiver to largely dependent on which code (C/A or P) is used to
measure a finite time difference. These include signal determine positions. These range accuracies (i.e., UERE),
processing, clock/signal synchronization and correlationwhen coupled with the geometrical relationships of the
methods, receiver resolution, signal noise, and others. satellites during the position determination (i.e., DOP),

result in a 3D confidence ellipsoid which depicts uncer-

g. Selective Availability (S/A) and Anti-Spoofing tainties in all three coordinates. Given the changing satel-
(A/S). S/A purposely degrades the satellite signal to cre- lite geometry and other factors, GPS accuracy is time/
ate position errors. This is done by dithering the satellite location dependent. Error propagation techniques are used
clock and offsetting the satellite orbits. The effects of to define nominal accuracy statistics for a GPS user.

S/A can be eliminated by using differential techniques
discussed further in Chapter 6. A-S is implemented by a. Root mean square error measureg.wo-dimen-
interchanging the P-code with a classified Y-code. This sional (2D) (horizontal) GPS positional accuracies are
denies users who do not possess an authorized decryptionormally estimated using a root mean square (RMS)
device. Manufacturers of civii GPS equipment have radial error statistic. A Ir RMS error equates to the
developed methods such as squaring or cross correlatiomadius of a circle in which the position has a 63 percent
in order to make use of the P-code when it is encrypted. probability of falling. A circle of twice this radius (i.e.,
2-c RMS or 2DRMS) represents (approximately) a
5-5. User Equivalent Range Error 97 percent positional probability circle. This 97 percent
probability circle, or 2DRMS, is the most common posi-
The previous sources of errors or biases are principaltional accuracy statistic used in GPS surveying. In some
contributors to overall GPS range error. This total error instances, a 3DRMS or 99+ percent probability is used.
budget is often summarized as the UERE. As mentionedThis RMS error statistic is also related to the positional
previously, they can be removed or at least effectively variance-covariance matrix. (Note that an RMS error
suppressed by developing models of their functional rela-statistic represents the radius of a circle and therefore is
tionships in terms of various parameters that can be usedot precededya + sign.)
as a corrective supplement for the basic GPS information.

Table 5-1
GPS Range Measurement Accuracy

Absolute Positioning

Differential
Segment C/A-code P-code Positioning, m
Source Error Source Pseudo-range, m Pseudo-range, m (P-code)
Space Clock stability 3.0 3.0 Negligible
Orbit perturbations 1.0 1.0 Negligible
Other 0.5 0.5 Negligible
Control Ephemeris
predictions 4.2 4.2 Negligible
Other 0.9 0.9 Negligible
User lonosphere 35 2.3 Negligible
Troposphere 2.0 2.0 Negligible
Receiver noise 15 15 15
Multipath 1.2 1.2 1.2
Other 0.5 0.5 0.5
1-0 UERE +12.1 6.5 +2.0

& Without S/A.

5-5



EM 1110-1-1003
1 Aug 96

b. Probable error measures. 3D GPS accuracy satellites that can be observed and used in the final solu-
measurements are most commonly expressed by Sphericdion, the better the solution. Since DOP can be used as a
Error Probable, or SEP. This measure represents themeasure of the geometrical strength, it can also be used to
radius of a sphere with a 50 percent confidence orselectively choose four satellites in a particular constella-
probability level. This spheroid radial measure only tion that will provide the best solution.
approximates the actual 3D ellipsoid representing the
uncertainties in the geocentric coordinate system. In 2D (2) Geometric dilution of precision (GDOP). The
horizontal positioning, a Circular Error Probable (CEP) main form of DOP used in absolute GPS positioning is
statistic is commonly used, particularly in military target- the geometric DOP (GDOP), which is a measure of accu-
ing. CEP represents the radius of a circle containing aracy in a 3D position and time. The relationship between
50 percent probability of position confidence. final positional accuracy, actual range error, and GDOP

can be expressed as follows:

c. Accuracy comparisonslt is important that GPS
accuracy measures clearly identify the statistic from which o, = g, + GDOP (5-9)
they are derived. A “100-m” or “3-m” accuracy statistic
is meaningless unless it is identified as being either 1D,
2D, or 3D, along with the applicable probability level. where
For example, a PPS-16 m 3D accuracy is, by definition,

SEP (i.e. 50 percent). This 16-m SEP equates to 28-m o, = final positional accuracy
3D 95 percent confidence spheroid, or when transformed

to 2D accuracy, roughly 10 m CEP, 12 m RMS, 24 m 0r = actual range error (UERE)
2DRMS, and 36 m 3DRMS. See Table 5-2 for further

information on GPS measurement statistics. In addition, 1
absolute GPS point positioning accuracies are defined GDOP = 02 +02+02+(c.d8)|? (5-10)
relative to an earth-centered coordinate system/datum. o

This coordinate system will differ significantly from local R

project or construction datums. Nominal GPS accuracies

may also be published as design or tolerance limits andwhere

accuracies achieved can differ significantly from these

values. oz = standard deviation in east value, m

d. Dilution of Precision (DOP). The final positional oy = standard deviation in north value, m
accuracy of a point determined using absolute GPS survey
techniques is directly related to the geometric strength of o, = standard deviation in up direction, m
the configuration of satellites observed during the survey
session. GPS errors resulting from satellite configuration ¢ = speed of light (299,792,458 m/s)
geometry can be expressed in terms of DOP. In mathe-
matical terms, DOP is a scaler quantity used in an expres- &, = standard deviation in time, s
sion of a ratio of the positioning accuracy. It is the ratio
of the standard deviation of one coordinate to the meas- o = overall standard deviation in range, m, usually
urement accuracy. DOP represents the geometrical con- in the range of 6 m for P-code usage and 12 m
tribution of a certain scaler factor to the uncertainty (i.e., for C/A-code usage
standard deviation) of a GPS measurement. DOP values
are a function of the diagonal elements of the covariance (3) Positional dilution of precision (PDOP). PDOP
matrices of the adjusted parameters of the observed GP% a measure of the accuracy in 3D position, mathemati-
signal and are used in the point formulations and determi-cally defined as:
nations (Figure 5-2).
1
(1) General. In a more practical sense, DOP is a [GEZ + 02 + 0U2]"z (5-11)
scaler quantity of the contribution of the configuration of PDOP - o
satellite constellation geometry to the GPS accuracy, in
other words, a measure of the “strength” of the geometry
of the satellite configuration. In general, the more

R
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Table 5-2

Representative GPS Error Measurement Statistics for Absolute Point Positioning

Relative GPS Precise GPS Standard

Probability Distance Positioning Service Positioning Service
Error Measure Statistic % ft(o) (1) m (2) m (2)
Linear Measures oy Or O oy 0y Or Og ay
Probable error 50 0.6745 0 +4m +9m £24m +53m
Average error 57.51 0.7979 0 +5m +11m +28m +62m
1-sigma standard error/deviation 3) 68.27 1000 +6.3m +138m | £353m +78m
90% probability (map accuracy standard) 90 1.6450 +10m +23m +58m +128 m
95% probability/confidence 95 1960 +12m +27m +69m +153 m
2-sigma standard error/deviation 95.45 2000 +126m +27.7m +70.7m +156 m
99% probability/confidence 99 2576 ¢ +16 m +36m +91m +201m
3-sigma standard error (near certainty) 99.73 3.000 +19m +42m +106 m +234m
Two-Dimensional Measures (4) Circular Radius Circular Radius
1-sigma standard error circle ( o) (5) 39 1.00 o, 6m 35m
Circular error probable (CEP) (6) 50 1.177 o, 7m 42 m
1-dev root mean square (1DRMS) ©)0) 63 1.414 o, 9m 50 m
Circular map accuracy standard 90 2.146 o, 13 m 76 m
95% 2D positional confidence circle 95 2.447 o, 15m 86 m
2-dev root mean square error (2DRMS)  (8) 98" 2.83 g, 178 m 100 m
99% 2D positional confidence circle 99 3.035 o, 19 m 107 m
3.5-sigma circular near-certainty error 99.78 350, 22m 123 m
3-dev root mean square error (3DRMS) 99.9° 4.24 o, 27 m 150 m
Three-Dimensional Measures Spherical Radius Spherical Radius
1-o spherical standard error (o) 9) 19.9 1.00 o, 9m 50 m
Spherical error probable (SEP) (20) 50 154 o, 135 m 76.2 m
Mean radial spherical error (MRSE) (11) 61 1.73 o, 16 m 93 m
90% spherical accuracy standard 90 2.50 o, 22m 124 m
95% 3D confidence spheroid 95 2.70 o, 24 m 134 m
99% 3D confidence spheroid 99 3.37 o 30m 167 m
Spherical near-certainty error 99.89 4.00 o, 35m 198 m

Notes:

Most Commonly Used Statistics Shown in Bold Face Type.
Estimates not applicable to differential GPS positioning. Circular/Spherical error radii do not have + signs.

Absolute positional accuracies are derived from GPS simulated user range errors/deviations and resultant geocentric coordinate (X-Y-Z)
solution covariance matrix, as transformed to a local datum (N-E-U or @-A-h). GPS accuracy will vary with GDOP and other numerous fac-
tors at time(s) of observation. The 3D covariance matrix yields an error ellipsoid. Transformed ellipsoidal dimensions given (i.e., 0,- Og- 0,)
are only average values observed under nominal GDOP conditions. Circular (2D) and spherical (3D) radial measures are only approxima-

tions to this ellipsoid, as are probability estimates.

(Continued)
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Table 5-2
(Concluded)

(1) Valid for 2-D and 3-D only if oy = 0z = 0. (0,i/Omay) g€Nerally must be = 0.2. Relative distance used unless otherwise indicated.

(2) Representative accuracy based on 1990 FRNP simulations for PPS and SPS (FRNP estimates shown in bold), and that o, = o.. SPS
may have significant short-term variations from these nominal values.

(3) Statistic used to define USACE hydrographic survey depth and positioning criteria.

(4) 1990 FRNP also proposes SPS maintain, at minimum, a 2D confidence of 300 m @ 99.99% probability.

(5) o, ~ 0.5 (o, + o) -- approximates standard error ellipse.
(6) CEP =~ 0.589 (o, + 0;) =1.18 g,

(7) 1IDRMS = (0,2 + o).

(8) 2DRMS = 2 (0,2 + 02"

(9) o, =0.333 (g + O + O).

(10) SEP = 0.513 (g, + O¢ + O).

(11) MRSE =« (0, + 0.2 + 0 )"2
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Figure 5-2. Dilution of Precision

where all variables are equivalent to those used in

Equation 5-10.

(b) The key to understanding PDOP is to remember
that it represents position recovery at an instant in time
and is not representative of a whole session of time.
PDOP error is generally given in units of meters of error
per 1-m error in the pseudo-range measurement
(i.e., m/m). When using pseudo-range techniques, PDOP
values in the range of 4-5 m/m are considered very good,
while PDOP values greater than 10 m/m are considered
very poor. For static surveys it is generally desirable to
obtain GPS observations during a time of rapidly chang-
ing GDOP and/or PDOP.

(c) When the values of PDOP or GDOP are viewed
over time, peak or high values (>10 m/m) can be associ-
ated with satellites in a constellation of poor geometry.
The higher the PDOP or GDOP, the poorer the solution
for that instant in time. This is critical in determining the
acceptability of real-time navigation and photogrammetric
solutions. Poor geometry can be the result of satellites
being in the same plane, orbiting near each other, or at
similar elevations.

(4) Horizontal dilution of precision (HDOP). HDOP
is a measurement of the accuracy in 2D horizontal posi-
tion, mathematically defined as:

1
(02 + 0,27 (5-12)
o

HDOP =

R

(a) PDOP values are generally developed from satel-This HDOP statistic is most important in evaluating GPS
lite ephemerides prior to the conducting of a survey. Surveys intended for horizontal control. The HDOP is
When developed prior to a survey, PDOP can be used tdPasically the RMS error determined from the final vari-
determine the adequacy of a particular survey schedule@nce-covariance matrix divided by the standard error of
This is valid for rapid static or kinematic but is less valid the range measurements. HDOP roughly indicates the

for long duration static.
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(5) Vertical dilution of precision (VDOP). VDOP is Table 5.3
a measurement of the accuracy in standard deviation iNacceptable DOP Values
vertical height, mathematically defined as:

GDOP and PDOP: Less than 10 m/m -- optimally 4-5 m/m.

In static GPS surveying, it is desirable to have a GDOP/

voop - 2 (5-13)
- o PDOP that changes during the time of GPS survey session.
R

The lower the GDOP/PDOP, the better the instantaneous

(6) Acceptable DOP values. Table 5-3 indicates gen- point position solution is.

erally accepted DOP values for a baseline solution. HDOP and VDOP: 2 m/m for the best constellation of four
satellites.

(7) Additional material. Additional material regard-
ing GPS positional accuracy may be found in the refer-
ences listed in Appendix A.
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Chapter 6 If a second receiver is observing at least four of the same
GPS Relative Positioning Determination satellites and is within a reasonable distance (300 km) it

can use these PRCs to obtain a relative position to the
“known” control point since the errors will be similar.

Thus, the relative distance (i.e., coordinate difference)
between the two stations is relatively accurate (i.e., within
6-1. General 0.5-5 m) regardless of the poor absolute coordinates. In
effect, the GPS observed baseline vectors are no different

Absolute positioning, as discussed earlier, will not provide from azimuth/distance observations. As with a total sta-
the accuracies needed for most USACE control projectstion, any type of initial coordinate reference can be input

due to existing and induced errors. In order to eliminate to start the survey.

these errors and obtain higher accuracies, GPS can be

used in a relative positioning mode. The terms “relative” b. The absolute GPS coordinates will not coincide

and “differential” used in this chapter and throughout this with the user's local project datum coordinates (Fig-

manual have similar meaning. “Relative” will be used yre 6-1). Since differential survey methods are concerned
when discussing one thing in relation to another. The only with relative coordinate differences, disparities with a

term “differential” will be used when discussing the tech- global reference system used by the NAVSTAR GPS are

Concepts

nique of positioning one thing in relation to another. not significant for USACE purposes. Therefore, GPS
. _ _ o coordinate differences can be applied to any type of local
6-2. Differential (Relative) Positioning project reference datum (i.e., NAD 27, NAD 83, or any

local project grid reference system).
Differential or relative positioning requires at least two
receivers set up at two stations (usually one is known) to c. Code pseudo-range tracking has primary applica-
collect satellite data SimultaneOUS|y in order to determinetion to real-time navigation Systems where accuracies at
coordinate differences. This method will position the two the 0.5- to 5-m level are tolerable. Given these toler-
stations relative to each other (hence the term “relativeances7 engineering survey app”cations of code pseudo-
positioning”) and can provide the accuracies required for range tracking GPS are limited, with two exceptions being

basic land surveying and hydrographic surveying. hydrographic survey and dredge positioning. Specifica-
tions for real-time hydrographic code tracking systems are

6-3. Differential Positioning (Code Pseudo-Range contained in EM 1110-2-1003. See Chapter 9 for further

Tracking) discussion on real-time code pseudo-range tracking
applications.

Differential positioning using code pseudo-ranges is per-

formed similarly to that described in Chapter 5; however, g4, Differential Positioning (Carrier Phase
some of the major uncertainties in Equations 5-1 throughTracking)

5-6 are effectively eliminated or minimized. This pseudo-

range process results in absolute coordinates of the usepifferential positioning using carrier phase tracking uses a
on the earth's surface. Errors in range are directly formulation of pseudo-ranges similar to those shown in
reflected in resultant coordinate errors. Differential posi- Equations 5-1 through 5-6. The process becomes some-
tioning is not so concerned with the absolute position of \yhat more complex when the carrier signals are tracked
the user but with the relative difference between two usergych that range changes are measured by phase resolution.
positions, which are simultaneously observing the samejn carrier phase tracking, an ambiguity factor is added to
satellites. Since errors in the satellite positiofi, (¥, and  Equation 5-1 which must be resolved in order to obtain a
Z’) and atmospheric delay estimatésare effectively the  derived range (see Figure 5-1). Methods for resolving
same (i.e., highly correlated) at both receiving stations, this ambiguity (the number of unknown integer cycles)
they cancel each other to a large extent. are described in Chapter 9. Carrier phase tracking pro-
vides for a more accurate range resolution due to the short
a. For example, if the true pseudo-range distancewavelength (approximately 19 c¢m for L1 and 24 cm for
from a “known” control point to a satellite is 100 m and [ 2) and the ability of a receiver to resolve the carrier
the observed or measured pseudo-range distance washase down to about 2 mm. This method, therefore, has
92 m, then the pseudo-range error or correction is 8 m forprimary application to engineering, topographic, and geo-

that particular satellite. A pseudo-range correction or detic surveying, and may be employed with either static
PRC can be generated for each satellite being observed.
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Figure 6-1. Differential positioning

or kinematic methods.

these techniques, their associated accuracies, applications,
and required components.

a. Static. Static surveying is the most widely used
differential technique for control and geodetic surveying.
It involves long observation times (1-2 hr, depending on
number of visible satellites) in order to resolve the integer
ambiguities between the satellite and the receiver. Accu-
racies in the subcentimeter range can be obtained from
using the static method.

b. Rapid static. The concept of rapid static is to
measure baselines and determine positions in the centi-
meter level with short observation times, 5-20 min. The
observation time is dependent on the length of the base-
line and number of visible satellites. Loss of lock, when
moving from one station to the next, can also occur since
each baseline is processed independent of each other.

c. Kinematic. Kinematic surveying, allows the user
to rapidly and accurately measure baselines while moving
from one point to the next. The data are collected and
post-processed to obtain accurate positions to the centi-
meter level. This technique permits only partial loss of
satellite lock during observation and requires a brief
period of static initialization. The OTF technology, both
real-time and post-processed, could eventually replace
standard kinematic procedures at least for short baselines.

d. Stop and go kinematic.Stop and go kinematic
involves collecting data for several minutes (1-2 min.) at
each station after a period of initialization to gain the
integers. This technique does not allow for loss of satel-
lite lock during the survey. If loss of satellite lock does
occur, a new period of initialization must take place. This
method can be performed with two fixed or known sta-
tions in order to provide redundancy and improve
accuracy.

e. Pseudo-kinematic. This technique is similar to
standard kinematic procedures and static procedures com-
bined. The differences are that there is no static initial-
ization, longer period of time at each point (approximately
1-5 min), each point must be revisited after about an hour,
and loss of satellite lock is acceptable. The positional

There are several techniquesaccuracy is more than for kinematic or rapid static proce-

which use the carrier phase in order to determine adures, which makes it a less acceptable method for estab-
station’s position. These include static, rapid static, kine- lishing baselines.
matic, stop and go kinematic, pseudo kinematic, and real-

time kinematic (RTK) and on-the-fly (OTF) kinematic.

f. RTK and OTF carrier phase based positioning

The concepts of these techniques are explained below, butietermination. The OTF/RTK positioning system uses

procedures can be found in Chapter 9. Table 6-1 lists

6-2
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Table 6-1
Carrier Phase Tracking Techniques
Concept Requirements Applications Accuracy
Static e L1 or L1/L2 GPS receiver « Control surveys (that require * Subcentimeter level

(Post-processing)

* 386/486 computer for
post-processing

¢ 45 min to 1 hr minimum
observation time*

high accuracy)

Rapid Static
(Post-processing)

¢ L1/L2 GPS receiver
« 5-20 min observation time*

Control surveys (that require
medium to high accuracy)

« Subcentimeter level

Kinematic®

¢ L1 GPS receiver with kine-

Continuous topo

¢ Centimeter level

matic survey option .
* 386/486 computer for
post-processing

(Post-processing) Location surveys

Stop & Go Kinematic? ¢ L1 GPS receiver * Medium accuracy control « Centimeter level
(Post-processing) * 386/486 computer for surveys

post-processing
Pseudo Kinematic? ¢ L1 GPS receiver ¢ Medium accuracy control « Centimeter level
(Post-processing) * 386/486 computer for surveys

post-processing
Real Time Kinematic/OTF For post-processing: « Real-time high accuracy « Subdecimeter level

Kinematic® e L1/L2 GPS receiver hydro surveys
(Real-time or * 386/486 computer « Location surveys
post-processing) ¢ Medium accuracy control
For real-time: surveys
« Internal or external proces- « Photo control
sor (1- 386, 1- 486 com- « Continuous topo

puters w/dual com ports)
¢ Min 4800 baud radio/modem
data link set

1. Dependent on satellite constellation and number of satellites in view.
2. Initialization period required and loss of satellite lock is not tolerated.
3. No static initialization necessary, integers gained while moving, and loss of satellite lock is tolerated.

GPS technology to allow the positioning to a subdecime- however, practical for small-scale topographic map-
ter in real time. This system determines the integer num-ping or similar projects.
ber of carrier wavelengths from the GPS antenna to the
GPS satellite, transmitting them while in motion and with- b. Accuracy of GPS height differenceshe height
out static initialization. The basic concept behind the (h) component of GPS measurements is the weakest
OTF/RTK system is kinematic surveying without static plane. This is due to the orbital geometry of the X-Y-Z
initialization (integer initialization is performed while position determination. Thus, GPS ellipsoidal height
moving) and allows for loss of satellite lock. Other GPS differences are usually less accurate than the horizontal
techniques that can achieve this kind of accuracy requirecomponents. Currently, GPS-derived elevation differences
static initialization while the user is not moving and no will not meet Third-Order standards as would be obtained
loss of satellite lock while in motion. using conventional spirit levels.  Accordingly, GPS-
derived elevations must be used with caution.

6-5. Vertical Measurements with GPS

c. Topographic mapping with GPSGPS position-
ing, whether operated in an absolute or differential posi-
tioning mode, can provide heights (or height differences)
of surveyed points. The heiglt or height differenceih
obtained from GPS is in terms of height above or below

a. Elevation determination. GPS is not recom-
mended for Third-Order or higher vertical control
surveys. It is recommended that it not be used as a
substitute for standard differential leveling. It is,
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the WGS 84 ellipsoid. These ellipsoid heights are not the6-6. Differential Error Sources
same as orthometric heights, or elevations, which would
be obtained from conventional differential/spirit leveling. The error sources encountered in the position determina-
This distinction between ellipsoid heights and orthometric tion using differential GPS positioning techniques are the
elevations is critical to many engineering and construction same as those outlined in Chapter 5. In addition to these
projects; thus, users of GPS must exercise extreme cauerror sources, the user must ensure that the receiver main-
tion in applying GPS height determinations to USACE tains lock on at least three satellites for 2D positioning
projects which are based on conventional orthometricand four satellites for 3D positioning. When loss of lock
elevations. occurs, a cycle slip (a discontinuity of an integer number
of cycles in the measured carrier beat phase as recorded
(1) GPS uses WGS 84 as the optimal mathematicalby the receiver) may occur. In GPS absolute surveying, if
model best describing the shape of the true earth at sedock is not maintained, positional results will not be
level based on an ellipsoid of revolution. The WGS 84 formulated. In GPS static surveying, if lock is not main-
ellipsoid adheres very well to the shape of the earth intained, positional results may be degraded, resulting in
terms of horizontal coordinates but differs somewhat with incorrect formulations. Sometimes, in GPS static survey-
the established mean sea level definition of orthometricing, if the observation period is long enough, post-
height. The difference between ellipsoidal height, as processing software may be able to average out loss of
derived by GPS, and conventional leveled (orthometric) lock and cycle slips over the duration of the observation
heights is required over an entire project area to adjustperiod and formulate positional results that are adequate;
GPS heights to orthometric elevations. NGS has devel-if this is not the case, reoccupation of the stations may be
oped geoid modeling software (GEOID90, GEOID91, and required. In all differential surveying techniques, if loss
GEOID93) to be used to convert ellipsoidal heights to of lock does occur on some of the satellites, data process-
approximate orthometric elevations. These values shouldng can continue easily if a minimum of four satellites
be used with extreme caution. have been tracked. Generally, the more satellites tracked
by the receiver, the more insensitive the receiver is to loss
(2) Static or kinematic GPS survey techniques can beof lock. In general, cycle slips can be repaired.
used effectively on a regional basis for the densification
of low-accuracy vertical control for topographic mapping 6-7. Differential GPS Accuracies
purposes. Existing benchmark data (orthometric heights)
and corresponding GPS-derived ellipsoidal values for atThere are two levels of accuracies obtainable from GPS
least three stations in a small project area can be used imsing differential techniques. The first level is based on
tandem in a minimally constrained adjustment program to pseudo-range formulations, while the other is based on
reasonably model the geoid. More than three correlatedcarrier beat phase formulations.
stations are required for larger areas to ensure proper
modeling of the geoidal undulations in the area. The a. Pseudo-range accuraciesPseudo-range formula-
model from the benchmark data and corresponding GPSions can be developed from either the C/A-code or the
data can then be used to derive the unknown orthometricomore precise P-code. Pseudo-range accuracies are gener-
heights of the remaining stations occupied during the GPSally accepted to be 1 percent of the period between suc-
observation period. cessive code epochs. Use of the P-code where successive
epochs are 0.1 us apart produces results that are around
(3) Procedures for constraining GPS observations tol percent of 0.1 us or 1 ns. Multiplying this value by the
existing vertical control are detailed in Section 11 of speed of light gives a theoretical resultant range measure-
Leick and Lambert (1990). Step-by-step vertical control ment of around 30 cm. If using pseudo-range formula-
planning, observation, and adjustment procedurestions with the C/A-code, one can expect results 10 times
employed by the NGS are described in some of the publi-less precise or a range measurement precision of around
cations listed in Appendix A (see Zilkoski 1990a, 1990b; 3 m. Point positioning accuracy for a differential pseudo-
Zilkoski and Hothem 1989). These procedures are recom-+ange formulated solution is generally found to be in the
mended should a USACE field activity utilize GPS to range of 0.5-10 m. These accuracies are largely depen-
densify low-order vertical control relative to the orthomet- dent on the type of GPS receiver being used.
ric datum.
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b. Carrier beat phase formulations Carrier beat (2) In addition to GDOP, PDOP, HDOP, and VDOP,
phase formulations can be based on either the L1 or L2the quality of the baselines produced by GPS differential
or both carrier signals. Accuracies achievable using car-techniques (static or kinematic) through carrier phase
rier beat phase measurement are generally accepted to becovery can be defined by a quantity called relative DOP
1 percent of the wavelength. Using the L1 frequency (RDOP). Multiplying the uncertainty of a double differ-
where the wavelength is around 19 cm, one can expect &nce measurement by RDOP yields the relative position
theoretical resultant range measurement that is 1 percengrror for that solution. Values of RDOP are measured in
of 19 cm, or about 2 mm. The L2 carrier can only be meters of error in relative position per error of one cycle
used with receivers which employ a cross correlation, in the phase measurement (m/cycle). Knowledge of an
squaring, or some other technique to get around theRDOP or a value equivalent to it is extremely important
effects of A/S. to the confidence one assigns to a baseline recovery. Key

to understanding RDOP is to remember that it represents

(1) The final positional accuracy of a point deter- position recovery over a whole session of time and is not
mined using differential GPS survey techniques is directly representative of a position recovery at an instant in time.
related to the geometric strength of the configuration of When carrier phase recovery techniques are used, RDOP
satellites observed during the survey session. GPS errorgalues around 0.1 m/cycle are considered acceptable.
resulting from satellite configuration geometry can be
expressed in terms of DOP. Positional accuracy for a
differential carrier beat phase formulated solution is gen-
erally found to be in the range of 1-10 mm.
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Chapter 7 and weight, and durability of design. For example, the
GPS Survey Equipment harsher the environment (high temperature and humidity

variability, dirty or muddy work area, etc.), the sturdier
the receiver and mount must be. The operational environ-
) _ ment will also affect the type of power source to be used.
7-1. GPS Receiver Selection

) ) ) ) . e. Processing requirementsOperational procedures
Selection of the right GPS receiver for a particular project yoqyjired before, during, and after an observation session
is critical to its success. To ensure success, selection,, very manufacturer-dependent and should be thought-

must be based on a sound analysis of the following ¢ considered before purchase of a receiver. Often, a
criteria:  applications for which the receiver is to be used, (oceiver may be easy to operate in the field, requiring
accuracy requirements, power consumption requirements ’

) ; ' - h very little user interface, but a tremendous amount of time
operational environment, signal processing requirements, .4 effort may be required after the survey to download

and cost. This chapter presents on'lya b'rief'overvi('aw ONihe data from the receiver and process it (i.e., post-
GPS survey equipment and selection criteria.  Prior 10y qcessing software may be complicated, crude, or under-
initiating procurement, USACE Commands are advised 10 4o ejoped). Also, whether a post-processed or real-time
consult the referenced guide specifications for procuring s ytion is desired represents a variable that is critical in

GPS equipment. determining the type of receiver to use.

a. Receiver applications Current USACE receiver f

— ) ; Cost Cost is a major factor in determining the
applications include land-based, water-based, and airborn

?ype of receiver the user can purchase. Receiver hard-

applications.  Land applications include surveying, \yare and software costs are a function of development
geodesy, resource mapping, navigation, survey control,gtq  competition among manufacturers, and product

boundary determination, deformation monitoring, and jemang. Historically, costs for the acquisition of GPS
transportation. Water or marine applications include equipment have steadily fallen to the current range of
navigation and positioning of hydrographic surveys, yijces seen today. High end receivers are upwards of
dredges, and drill rigs. Airborne applications include $35,000 down to a low end receiver of $500.

navigation and positioning of photogrammetric-based

mapping. ~ Generally, the more applications a receiver o paia exchange formatsin receiver selection it is

must fulfill, the more it will cost. It is important for the  jnartant to remember that there is currently no standard

receiver appllcatlon to be defined in .order to select the format for exchanging data from different types of GPS

proper receiver and the necessary options. receivers. However, most GPS receiver data can be put
into a common text format such as RINEX. Refer to

b. Accuracy requirements A firm definition of the 5 50ranh 7-4 for further discussion on receiver formats.

accuracy requirements (e.g., point accuracy to 100 m,
50 m, 25 m, 5 m, 1 m, cm or mm) helps to further define h. USACE For most USACE civil applications,

procedure requirements (static or kinematic), signal recep-,niinuous tracking, C/A-code, L1 tracking, multichannel
tion requirements (whether use of C/A- or L1/L2 P-codes (eight or more channels) receivers are adequate.

is appropriate), and. type of measurement required.Receivers with other features may be required for a par-
(pseudo-range or carrier beat phase megsurements). Th'ﬁcular application.  For example, a dual frequency
is an important part in the receiver selection process. (L1/L2) receiver with the cross correlation, squaring, or
some other technigue during anti-spoofing is required for

c. Power requirements The receiver power require- the OTF and rapid static surveying techniques.

ments are an important factor in the determination of

receiver type. Receivers currently run on a variety of 7-2. Conventional GPS Receiver Types
power sources from A/C to 12-volt car batteries or small '

camcorder batteries. A high end GPS receiver can Oper~rpere are two basic types of GPS receivers: code phase
ate 3 to 4 hr on a set of batteries, whereas a low end may,,q carrier phase receivers. Within these types there are
operate 1 to 2 days on the same set. CI/A- and P-code receivers, codeless receivers, single-

q ional ) h ional . and dual-frequency receivers, and receivers that use cross
- Operational environmentrhe operational environ- . relation or squaring or P-W techniques.  Figure 7-1

ment .of the survey is also an important 'factor. in the shows common equipment required at a station.
selection of antenna type and mount, receiver dimension
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(2) Dual-frequency receivers. The dual-frequency
receiver tracks both the L1 and L2 frequency signal. A
dual-frequency receiver is generally more expensive than
a single-frequency receiver. A dual-frequency receiver
will more effectively resolve longer baselines of more
than 50 km where ionosphere effects have a larger impact
on calculations. Dual-frequency receivers eliminate
almost all ionosphere effects by combining L1 and L2
observations.  Most manufacturers of dual-frequency
receivers utilize codeless techniques which allow the use
of the L2 during anti-spoofing. These codeless techniques
are squaring, cross-correlation, and P-W correlation.

(a) Squaring. Receivers which utilize the squaring
technique are only able to obtain one-half of the signal
wavelength on the L2 during anti-spoofing and have a
high 30-dB loss.

Figure 7-1. Common GPS equipment required at each (b) Cross correlation. Receivers that use this tech-
setup nigue have a high 27-dB loss but are able to obtain the
full wavelength on the L2 during anti-spoofing.
a. Code phase receivers A code receiver is also
called a “code correlating” receiver because it requires (c) P-W correlation. This method allows for both a
access to the satellite navigation message of the P- ofow 14-dB loss and full wavelength on the L2 during
C/A-code signal to function. This type of receiver relies anti-spoofing.
on the satellite navigation message to provide an almanac
for operation and signal processing. Because it uses the c. Military grade GPS receivers.The current mili-
satellite navigation message, this type of receiver cantary GPS receiver is the precise lightweight GPS receiver
produce real-time navigation data. Code receivers havgPLGR), AN/PSN-11, which uses the course/acquisition
“anywhere-fix” capability and, consequently, a quicker (C/A), precise (P), or encrypted P(Y) codes. PLGR is
start-up time at survey commencement. An anywhere-fixdesigned to operate as a stand-alone unit and provide
receiver has the unique capability to begin calculations navigation information: position, velocity, and time.
without being given an approximate location and time. A PLGR requires a crypto key to operate as a PPS receiver.
code receiver has anywhere-fix capability because it canA PPS receiver corrects for errors introduced by selective
synchronize itself with GPS time at a point with unknown availability (S/A) and cannot be spoofed by imitated or
coordinates once lock on the signals of four satellites hasretransmitted GPS signals, anti-spoofing (A/S). The accu-
been obtained. racy is 16-m SEP when keyed. PLGR does not record
code data because it was designed to be a navigation
b. Carrier phase receiversA carrier phase receiver device, and P-code data are classified at time of reception.
utilizes the actual GPS signal itself to calculate a position. This also limits PLGR’s ability to be used in differential
There are two general types of carrier phase receiversGPS. PLGR can only be used in differential GPS when
(1) single frequency and (2) dual frequency. using C/A code and as a rover unit. However, C/A code
differential GPS is not authorized by DoD for tactical
(1) Single-frequency receivers. A single-frequency military operations. If high accuracy surveys are required
receiver tracks the L1 frequency signal. The single- during a military conflict, PPS geodetic GPS receivers are
frequency receiver generally has a lower price than theavailable through commercial manufacturers. PLGRs or
dual-frequency receiver because it has fewer component$PS receivers are the only authorized receivers to be used
and is in greater demand. A single-frequency receiverin a conflict area.
can be used effectively to develop relative positions that
are accurate over baselines of less than 50 km or where (1) Non-military DoD organizations that need PLGR
ionosphere effects can generally be ignored. accuracy for their positioning requirements can purchase
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PLGR from the existing DoD contract through a memo- d. Antenna types. There are three basic types of
randum of agreement with DoD. GPS antennas: ground plane antennas, no ground plane,

and choke ring antennas. Both the ground plane and the
(2) Commercial GPS receiver manufacturers producechoke rings are designed to reduce the effects of multi-
hand-held, low cost PPS GPS receivers capable of 16-npath on the antenna.
SEP accuracy when keyed. These receivers may or may
not have anti-spoofing capability and require the same e. Associated survey equipmenThere are several

crypto keys as PLGR. accessories needed along with a GPS receiver and
antenna. These include tripods, tribrachs, and tribrach
7-3. Receiver Manufacturers adapters to name a few. Fixed height (usually 2 m) poles

can be used to eliminate the need to measure antenna
Up-to-date listings of manufacturers are contained in heights. Most of the other equipment needed is similar to
various surveying trade publications. Contact should bewhat is used in a conventional survey.
made directly with representatives of each firm to obtain
current specifications, price, availability, material, or other 7-5. GPS Common Exchange Data Format
related data on their products.
a. RINEX. Receiver [INdependent EXchange
7-4. Other Equipment (RINEX) format is an ASCII-type format which allows a
user to combine data from different manufacturer's GPS
There are several other relative miscellaneous equipmenteceivers. Most GPS receiver manufacturers supply pro-
items that should be considered when making a GPSgrams to convert raw GPS data into a RINEX format.
receiver selection. This equipment is discussed below. However, one must be careful since there are different
types of RINEX conversions. Currently, the NGS distrib-
a. Data link equipment for real-time positioning. utes software which converts several receivers’ raw GPS
The type of data link needed for real-time positioning data to RINEX. NGS will distribute this software free of
should be capable of transmitting digital data. The spe-charge to any government agency.
cific type of data link will depend on the user’'s work area
and environment. Most manufacturers of GPS equipment b. Real-time data transmission formatsThere are
can supply or suggest a data link that can be used fortwo types of common data formats used most often during
real-time positioning. Depending on the type and wattagereal-time surveying: (1) RTCM SC-104 v.2 and
of the data link, a frequency authorization may have to (2) NMEA.
take place in order to transmit digital data. Some radio
and GPS manufacturers produce 1 W or less radios for (1) Transmission of data between GPS receivers.
transmission of digital data which do not require fre- The Radio Technical Commission for Maritime Services
qguency authorization. (RTCM) is the governing body for transmissions used for
maritime services. The RTCM Special Committee 104
b. U.S. Coast Guard (USCG) radiobeacon receivers. (SC-104) has defined the format for transmission of GPS
The USCG provides a real-time pseudo-range correctionscorrections. The RTCM SC-104 standard was specifically
broadcast over low frequency (270-320 kHz marine band)developed to address meter-level positioning requirements.
from a radiobeacon transmitter tower. These towers existThis current standard transmission standard for meter-
in most if not all coastal areas including the Mississippi level DGPS is the RTCM SC-104 v. 2.0. This standard
River and the Great Lakes regions. The range from eachallows various manufacturers’ equipment to work together
tower is approximately 120 to 300 km. These correctionsif it is used at both the reference and remote stations. It
can be received by using a radiobeacon receiver andshould be noted that not all manufacturers fully support
antenna tuned to the nearest tower site. For further infor-the RTCM SC-104 v. 2.0 format, and careful consider-
mation on this system contact the USCG office in your ation should be made to choose one that does. A com-
district or the number listed in Appendix C. mittee was formed to address the means of a transmission
format for centimeter-level DGPS. This committee pro-
c. Computer equipment. Most manufacturers of posed the RTCM SC-104 v. 2.1 format, which supports
GPS receivers include computer specifications needed taaw carrier phase data, raw pseudo-range data, and correc-
run their downloading and post-processing software.tions for both. This will allow for correction of iono-
Most software can be run on a 386-type computer with asphere and troposphere errors, with dual frequency
math co-processor or on a 486-type computer. measurements, to be applied at the receiving station. It is
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deemed to be downward compatible with RTCM SC-104 corrected GPS output records at the remote receiver is
v. 2.0, and therefore no special transmission consider-referred to as theNMEA 0183 Data Sentencing Format
ations need to be made to use it. The NMEA 0183 output records can be used as input to
whatever system the GPS remote receiver is interfaced.
(2) Transmission of data between a GPS receiver andror example, GPS receivers with an NMEA 0183 output
a device. TheNational Maritime Electronics Association can be used to provide the positional input for a hydro-
(NMEA) governs the format of output records (i.e., the graphic survey system or an Electronic Chart Display and
positions at the remote end). The standard concerning thénformation System (ECDIS).
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Chapter 8 (2) The relative accuracy for project control is also
Planning GPS Control Surveys determined based on mapping scales, design/construction

needs, type of project, etc. Most site plan mapping for

design purposes is performed and evaluated relative to

American Society of Photogrammetry and Remote Sens-

8-1. General ing (ASPRS) standards. These standards apply to photo-
, ) . ) , . grammetric mapping, plane table mapping, total station
Using differential carrier phase G'FfS surveying to eSt?‘b“Shmapping, etc. Network control must be of sufficient

control for USACE civil and military projects requires yq|ative accuracy to enable hired-labor or contracted sur-

operational and procedural specifications that are a Proj-vey forces to reliably connect their supplemental mapping
ect-specific function of the control being established. To ;.

accomplish these surveys in the most efficient and cost-
effective manner, and to ensure that the required accuracy  ,  Minimum accuracy requirementsProject control

criteria are obtained, a detailed survey planning phase issurveys shall be planned, designed, and executed to

essential. This chapter defines GPS survey design criterig, chieve the minimum accuracy demanded by the project’s
and related observing specifications required to establishy,\tional requirements. In order to most efficiently uti-
control for USACE military construction and civil works  |i,e USACE resources. control surveys shall not be

projects. Information on cost for GPS surveys can be jegigned or performed to achieve accuracy levels that
found in Chapter 12, and information on using GPS for gyceeq the project requirements. For instance, if a Third-
hydrographic surveys can be found in EM 1110-2-1003. Order, Class | accuracy standard (1:10,000) is required for

) ) offshore dredge/survey control on a navigation project,
8-2. Required Project Control Accuracy field survey criteria shall be designed to meet this mini-

' . . . mum standard.
The first step in planning GPS control surveys is to deter-

mine the.ultimate accuracy requirements. Su'r\./ey accu- ¢ Achievable GPS accuracyAs stated previously,
racy 'reqwrements are a direct fu'nctlon 'of specific project 5pg survey methods are capable of providing signifi-
functional needs, that is, the basic requirements needed Q. qyy higher relative positional accuracies with only min-

support planning, engineering design, maintenance, Operany, | fig|d observations, as compared with conventional
tions, construction, or real estate. This is true regardlesstriangulation, trilateration, or EDM traverse. Although a

of whether GPS or.conven'tional surveying methods arespg survey may be designed and performed to support
em'ployed to'gstabhsh prc'JJect.controI. M,OSt USACE lower accuracy project control requirements, the actual
military and civil works engineering/construction activities results could generally be several magnitudes better than
require relative accuracies (i.e., accuracies between adjag,, requirement.  Although higher accuracy levels are

cent cqntrol points) ranging from 1:1,000 to _1:50’000’ relatively easily achievable with GPS, it is important to
depending on the nature and scope of the project. FeWyqngjger the ultimate use of the control on the project in
USACE projects demand relative positional accuramespk:mmng and designing GPS control networks. Thus,

higher than the 1:50,000 level (Second-Order, Class I).cpg syrvey adequacy evaluations should be based on the

Since the advent of GPS survey technology, there has, ,iect accuracy standards, not those theoretically obtain-
been a tendency to specify higher accuracies than necesiyie with GPS.

sary. Specifying higher accuracy levels than those mini-
mally required for the project can unnecessarily increase

project costs (1) For instance, an adjustment of a pair of GPS-

established points may indicate a relative distance accu-
racy of 1:800,000 between them. These two points may
) . . be subsequently used to set a dredging baseline using
al requirements must include planned and future design,j.» 500 construction survey methods: and from 100-ft-

construction, and mapping activities. ~ Specific control ¢h5064 stations on this baseline, cross sections are pro-
density and accuracy are designed from these functionalecieq ysing 1:500 to 1:1,000 relative accuracy methods
requirements. (typical hydrographic surveys). Had the GPS-observed

. L , L baseline been accurate only to 1:20,000, such a closure
(1) Density of control within a given project is deter- o4 still have easily met the project's functional
mined from factors such as planned construction, site pla”requirements.

mapping scales, master plan mapping scale, and dredging
and hydrographic survey positioning requirements.

a. Project functional requirementsProject function-
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(2) Likewise, in plane table topographic (site plan) c. Absolute GPS reference datum€oordinate data
mapping or photogrammetric mapping work, the differ- for GPS baseline observations are referenced and reduced
ence between 1:20,000 and 1:800,000 relative accuracieselative to WGS 84, an earth-centered (geocentric) coordi-
is not perceptible at typical USACE mapping/construction nate system. This system is not directly referenced to but
scales (1:240 to 1:6,000), or ensuring supplemental com-s closely related to, for all practical purposes, GRS 80
pliance with ASPRS standards. In all cases of planimetricupon which North American Datum of 1983 (NAD 83) is
and topographic mapping work, the primary control net- related (for CONUS work). GPS data reduction and
work shall be of sufficient accuracy such that ASPRS adjustment are normally performed using the WGS 84
standards can be met when site plan mapping data arearth-centered (geocentric) coordinate system (X-Y-Z),
derived from such points. For most large-scale military with baseline vector componentdX, AY, AZ) measured
and civil mapping work performed by USACE, Third- relative to this coordinate system. Although baseline vec-
Order relative accuracies are adequate to control planimettors are measured relative to the WGS 84 system, for
ric and topographic features within the extent of a given most USACE engineering and construction applications
sheet/map or construction site. On some projects coverthese data may be used in adjustments on NAD 27
ing large geographical areas (e.g., reservoirs, levee sys{Clarke 1866). (See paragraphs 3-4 and 4-1.)
tems, installations), this Third-Order mapping control may

need to be connected to/with a Second-Order (Class | (1) If the external network being connected (and
or Il) network to minimize scale distortions over longer adjusted to) is the published NAD 83, the GPS baseline
reaches of the project. coordinates may be directly referenced on the GRS 80

ellipsoid since they are nearly equal. All supplemental

(3) In densifying control for GIS databases, the func- control established is therefore referenced to the GRS 80/
tional accuracy of the GIS database must be kept inNAD 83 coordinate system.
perspective with the survey control requirements. Per-
forming 1:100,000 accuracy surveys for a GIS level con- (2) If a GPS survey is connected to NAD 27
taining 1-acre cell definitions would not be cost-effective; (SPCS 27) stations which were not adjusted to the
sufficient accuracy could be obtained by scaling relative NAD 83 datum, then these fixed points may be trans-
coordinates from a U.S. Geological Survey (USGS) quad-formed to NAD 83 coordinates using USACE program

rangle map. CORPSCON (see EM 1110-1-1004) and the baseline
reductions and adjustment performed relative to the

8-3. General GPS Network Design Factors GRS 80 ellipsoid. This method is recommended for
USACE projects, only if resurveying is not a viable
option.

Some, but not all, of the factors to be considered in
designing a GPS network (and subsequent observing

. ) 3) Alternatively, GPS baseline connections to
procedure) should include the following: 3 y

NAD 27 (SPCS 27) project control may be reduced and
adjusted directly on that datum with resultant coordinates
a. Project size. The extent of the project will affect o the NAD 27. Geocentric coordinates on the NAD 27
the GPS survey network shape. Many civil works naviga- gatum may be computed using the transformation algo-
tion and flood control projects are relatively narrow in rithms given in Chapter 11. Refer also to EM 1110-1-
lateral extent but may extend for many miles longitudi- 1004 regarding state plane coordinate transforms between
nally. Alternatively, military installations or reservoit/ gpcs 27 and SPCS 83 grids.  Conversions of final

recreation projects may project equally in length and adjusted points on the NAD 27 datum to NAD 83 may
breadth. The optimum GPS survey design will vary con- giso be performed using CORPSCON.

siderably for these different conditions.
(4) Ellipsoid heightsh referenced to the GRS 80

b. Required density of control. The type of GPS ellipsoid differ significantly from the orthometric eleva-
survey scheme used will depend on the number and spactions H on NGVD 29, NAVD 88, or dynamic/hydraulic
ing of points to be established, which is a project-specific elevations on the IGLD 55, IGLD 85. This difference
requirement. In addition, maximum baseline lengths (geoid separation, oN) can usually be ignored for hori-
between stations and/or existing control are also pre-zontal control. This impliedN is assumed to be zero and
scribed. Often, a combination of GPS and conventionalh = H where the elevation may be measured, estimated,
survey densification will prove to be the most cost- or scaled at the fixed point(s). See Chapter 6 for using
effective approach. GPS for vertical surveys.
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(5) Datum systems other than NAD 27/NAD 83 will these schemes are mixed indiscriminately. If a decision is
be used in OCONUS locations. Selected military opera-made to establish and/or update control on an existing
tional requirements in CONUS may also require non- project, and connections with the NGRS (NAD 83/86) are
NAD datum references. It is recommended that GPSrequired, then all existing project control points must be
baselines be directly adjusted on the specific projectresurveyed and readjusted. Mixing different reference
datum. systems can result in different datums, with obvious

adverse impacts on subsequent construction or boundary

d. Connections to existing controlFor most static  reference. It is far preferable to use “weak” existing
and kinematic GPS horizontal control work, at least two (long-established) project control (on NAD 27 or what-
existing control points should be connected for referenc-ever datum) for reference than to end up with a mixture
ing and adjusting a new GPS survey (Table 8-1). Exist- of different systems or datums. See EM 1110-1-1004 for
ing points may be part of the NGRS or in-place project further discussion.
control which has been adequately used for years. Addi-
tional points may be connected if practical. In some (4) Accuracy of connected reference control.
instances, a single existing point may be used to generatédeally, connections should be made to control of a higher
spurred baseline vectors for supplemental constructionorder of accuracy than that intended for the project. In
control. cases where NGRS control is readily available, this is

usually the case. However, when only existing project

(1) Connections with existing project control. The control is available, connection and adjustment will have
first choice for referencing new GPS surveys is the exist-to be performed using that reference system, regardless of
ing project control. This is true for most surveying, not its accuracy. GPS baseline measurements should be per-
just GPS, and has considerable legal basis. Unless a newformed over existing control to assess its accuracy and
ly authorized project is involved, long-established project adequacy for adjustment, or to configure partially con-
control reference points should be used. If the project isstrained adjustments.
currently on a local datum, then a supplemental tie to the
NGRS should be considered as part of the project. (5) Connection constraints.  Although Table 8-1

requires only a minimum of two existing stations to reli-

(2) Connections with NGRS. Connections with the ably connect GPS static and kinematic surveys, it may
NGRS (i.e., National Ocean Service/National Geodetic often be prudent to include additional NGRS and/or pro-
Survey control on NAD 83) are preferred where prudent ject points, especially if the existing network is of poor
and practical. As with conventional USACE surveying, reliability. Adding additional points provides redundant
such connections to the NGRS are not mandatory. Inchecks on the surrounding network. This allows for the
many instances, connections with the NGRS are difficult elimination of these points should the final constrained
and may add undue cost to a project with limited adjustment indicate a problem with one or more of the
resources. When existing project control is known to be fixed points.
of poor accuracy, then ties (and total readjustment) to the
NGRS may be warranted. Sufficient project funds should (a) Table 8-1 indicates the maximum allowable dis-
have been programmed to cover the additional costs oftance from the existing network that GPS baselines should
these connections, including data submittal and review ef-extend.
forts if such work is intended to be included in the
NGRS. (See paragraph t-8egarding advance program- (b) Federal Geodetic Control Subcommittee (FGCS)
ming requirements.) GPS standards (FGCC 1988) require connections to be

spread over different quadrants relative to the survey

(3) Mixed NGRS and project control connections. project. Other GPS standards suggest an equilateral dis-
On existing projects, NGRS-referenced points should nottribution of fixed control about the proposed survey area.
be mixed with existing project control. This is especially These requirements are unnecessary for USACE work.
important if existing project control was poorly connected The value shown in Table 8-1 (for Second-Order, Class I)
with the older (NAD 27) NGRS, or if the method of this is only suggested and not mandatory.
original connection is uncertain. Since NGRS control has
been readjusted to NAD 83 (including subsequent high- e. Location feasibility and field reconnaissancé
precision HARNS readjustments of NAD 83) and most good advance reconnaissance of all marks within the
USACE project control has not, problems may result if project is crucial to the expedient and successful
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Table 8-1
GPS Survey Design, Geometry, Connection, and Observing Criteria

Classification Order

Criterion 2nd, | 2nd, Il 3rd, | 3rd, Il
Relative accuracy
ppm 20 50 100 200
1 partin 50k 20k 10k 5k
Required connections to existing
horizontal control
NGRS network WI/F/IP
Local project network Yes
Baseline observation check required over Yes W/F/P WI/F/IP No
existing control
Number of connections with existing network
(NGRS or local project control)

Minimum 2 2 2 2
Optimum 3 3 2 2
New point spacing, m, not less than 1,000 500 200 100

Maximum distance from network to nearest

control point in project, km 50 50 50 50
Minimum network control quadrant location

(relative to project center) 2 N/R N/R N/R
Multiple station occupations (static GPS surveys)
% Occupied three times N/R N/R N/R N/R
% Occupied two times N/R N/R N/R N/R
Repeat baseline observations

(% of total baselines) 0 0 0 0
Master or fiducial stations required WI/F/IP No No No
Loop closure requirements:
Maximum number of baselines/loop 10 20 20 20
Maximum loop length, km, not to exceed 100 200 N/R N/R
Loop misclosure, ppm, not less than 20 50 100 200
Single spur baseline observations

Allowed per order/class No No Yes Yes

Number of sessions/baseline - - 2 2

Required tie to NGRS - - No No
Field observing criteria -- static GPS surveys
Required antenna phase height measurement per session 2 2 2 2
Meteorological observations required No No No No
Two frequency L1/L2 observations required:

< 50-km lines No No No No

> 50-km lines Yes Yes Yes Yes

(Continued)
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Table 8-1
(Concluded)

Classification Order
Criterion 2nd, | 2nd, Il 3rd, | 3rd, Il
Recommended minimum observing time (per session), min 60 45 30 30
Minimum number of sessions per GPS baseline 1 1 1 1
Satellite quadrants observed (minimum number) 3 WIFIP N/R N/R N/R
Minimum obstruction angle above horizon, deg 15 15 15 15
Maximum HDOP/VDOP during session N/R N/R N/R N/R
Photograph and/or pencil rubbing required AR No No No
Kinematic GPS surveying
Allowable per survey class Yes Yes Yes Yes
Required tie to NGRS W/F/IP W/F/P No No
Measurement time/baseline, min (follow manufacturer’s specifications) A/R
Minimum number of reference points: 2 2 1-2 1
Preferred references 2 2 2 1
Maximum PDOP 15
Minimum number of observations from each reference station 2 2 2 2
Adjustment and data submittal requirements
Approximate adjustments allowed Yes Yes Yes Yes

Contract acceptance criteria
Type of adjustment
Evaluation statistic
Error ellipse sizes
Histograms

Reject criteria
Statistic
Standard
Optimum/nominal weighting
Horizontal
Vertical
Optimum variance of unit weight

GPS station/session data recording format

Final station descriptions

FGCS/NGS Bluebook required

Written project/adjustment report required

Free (unconstrained)
Relative distance accuracies
(not used as criteria)
(not used as criteria)

Normalized residual
+3 * SEUW

+5+ 2 ppm
+ 10 + 2 ppm

between 0.5 and 1.5

Bound field survey book or form

Standard DA form

No

Yes

Notes:

1. Abbreviations used in this table are explained as follows:
WIF/P--Where feasible and practical.

N/R--No requirement for this specification--usually indicates variance with provisional FGCC GPS specifications.
A/R--As required in specific project instructions or manufacturer’'s operating manual.

SEUW--Standard error of unit weight.

national network densification.

Classification orders refer to intended survey precision for USACE application, not necessarily FGCC standards designed to support
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completion of a GPS survey. The site reconnaissanceazimuths and vertical angles should be determined with a
should ideally be completed before the survey is started.compass and inclinometer. Because obstructions such as
The surveyor should also prepare a site sketch and brietrees and buildings cause the GPS signal transmitted from
description on how to reach the point since the individual the GPS satellite to be blocked, the type of obstruction is
performing the site reconnaissance may not be the surveyalso an important item to be recorded, see Figure 8-2.
or that returns to occupy the known or unknown station. The type of obstruction is also important to determine if
multipath might cause a problem. Multipath is caused by
(1) Project sketch. A project sketch should be devel- the reflection of the GPS signal by a nearby object pro-
oped before any site reconnaissance is performed. Thalucing a false signal at the GPS antenna. Buildings with
sketch should be on a 7-1/2-min USGS quadrangle mapreflective surfaces, chain-link fences, and antenna arrays
or other suitable drawing. Drawing the sketch on the mapare objects that may cause multipath. The site obstruction
will assist the planner in determination of site selections data are needed to determine if the survey site is suitable
and travel distances between stations. for GPS surveying. Obstruction data should be plotted on
a Station Visibility Diagram, as shown in Figure 8-4. (A
(2) Station descriptions and recovery notes. Stationblank copy of this form is provided as Worksheet 8-2
descriptions for all new monuments will be developed as (Figure 8-5).) GPS surveying does require that all sta-
the monumentation is performed. The format of thesetions have an unobstructed view 15 deg above the hori-
descriptions will follow that stated in EM 1110-1-1002. zon, and satellites below 10 deg should not be observed.
Recovery notes should be written for existing NGRS net-
work stations and project control points, as detailed in EM (5) Suitability for kinematic observations. Clear,
1110-1-1002. Estimated travel times to all stations shouldobstruction-free projects may be suitable for kinematic
be included in the description. Include road travel time, GPS surveys as opposed to static. The use of kinematic
walking time, and GPS receiver breakdown and setupobservations will increase productivity by a factor of 5
time. These times can be estimated while performing theto 10 over static methods, while still providing adequate
initial reconnaissance. A site sketch shall also be madeaccuracy levels. On many projects, a mixture between
on the description/recovery form. Examples of site recon- both static and kinematic GPS observations may prove to
naissance reports are shown in Figures 8-1 and 8-2. Abe most cost-effective.
blank reconnaissance report form is included as Work-
sheet 8-1 (Figure 8-3), which may be used in lieu of a (6) Monumentation. All monumentation should fol-
standard field survey book. low the guidelines of EM 1110-1-1002.

(3) Way point navigation. Way point navigation is an (7) On-site physical restrictions. The degree of
option on some receivers, allowing the user to enter geo-difficulty in occupying points due to such factors as travel
detic position (usually latitude and longitude) of points of times, site access, multipath effects, and satellite visibility
interest along a particular route the user may wish toshould be anticipated. The need for redundant observa-
follow. The GPS antenna, fastened to a vehicle or rangetions, should reobservations be required, must also be
pole, and receiver can then provide the user with naviga-considered.
tional information. The navigational information may
include the distance and bearing to the point of destina- (8) Checks for disturbed existing control. Additional
tion (stored in the receiver), the estimated time to destina-GPS baselines may need to be observed between existing
tion, and the speed and course of the user. The resultanNGRS/project control to verify their accuracy and/or
message produced can then be used to guide the user wtability.
the point of interest. Way point navigation is an option
that, besides providing navigation information, may be (9) Satellite visibility limitations. For most of the
helpful in the recovery of control stations which do not Continental United States, there are at least four to five
have descriptions. If the user has the capability of real-satellites in view at all times. However, some areas may
time code phase positioning, the way point navigational have less during times of satellite maintenance or
accuracy can be in the range of 0.5 - 10 m. unhealthy satellites. Satellite visibility charts of the GPS

satellite constellation play a major part in optimizing net-

(4) Site obstruction/visibility sketches. The individual work configurations and observation schedules.
performing the site reconnaissance should record the
azimuth and vertical angle of all obstructions. The
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Figure 8-1. Sample site reconnaissance sketch

8-7



EM 1110-1-1003

1 Aug 96

SITE RECONNAISSANCE/REPORT ON CONDITION OF SURVEY MARK

Project for Which Reconnaissance was Performed Dwoasnarx  Dawm

station Name _O ROFInNO Year Established 19433
State Code L L) County P oTrER Map Scale 1. 24, oo
Organization's Mark __C f‘C‘I-":D Map Sheet CLCARWATER
Search Performed By _ K. S w1 Th pate S /12 /89

Organization _Waria  LacLa DiarmreT

Exact Stamping Onmerirmo 1933 Condition __ Go o

Please raport on the thoroughness of the search in case the mark was not
recovered. Suggest changes in description, need for repairing or moving

| the mark, or other pertinent facts. Record letters and numbers found

stamped in (not cast in) the mark.

Tue Marnk Was Racovazep Usimea Tue 1470
DESCRIPTION. AppriTriosmal  DEscRy PTIVED Dava:
Tog Harw 15 89.7° W ¢ PP “e34z @29 NE oc An 18"
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=

Figure 8-2. Reconnaissance report on condition of survey
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SITE RECONNAISSANCE/REPORT ON CONDITION OF SURVEY MARK

Project for which Reconnaissance was Performed

Station Name Year Established
State Code ___ County Map Scale
Organization's Mark Map Sheet

Search Performed By Date
Organization

Exact Stamping Condition

Please report on the thoroughness of the search in case the mark was not
recovered. Suggest changes in description, need for repairing or moving
the mark, or other pertinent facts. Record letters and numbers found
stamped in (not cast in} the mark.

Pt It T I E2 oot 38334 e 3322222 ER 22 a2 e st ettt s el Ll
SKETCH

=

Figure 8-3. Worksheet 8-1, Site Reconnaissance Report form
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STATION VISIBILITY DIAGRAM

STATION naMg _ OROFiNe 1933 NORTH
AGENCY (CAST INY _C i &S Y MomiZON | ¢
OBSERVER _IK. Seai—rw (A v
DATE _H/12 /D
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LONG (NADBD) /6" s9 27" FLY08 SOQUTH

Indicate the horizontal and vertical limits of all objects obstucting veiw
of the sky exceeding 15 degrees above the horizon,

NQ. 'AZIMUTH YERT ANGLE: DESCRIPTION

'IND, IAZIMUTHIVERT ANGLE! DESCRIPTION

1 '347°00’ 1 /8% B0’ 1 Ebewt grAved (149 | : .
2_taepesor! 24°00' \Prax Seeded 112 | H H
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g '232°00" [G*30'  Coag MIAPCE 1118 | ' !
9 | H N 119 : H
10 5 H H 1120 ¢ H H

Indicate distance, directien, frequency and power of known RF sources.
Indicate distance, horizontal and vertical limits of any object in the
vicinity that may cause radio signals to be reflected (mulitipath),
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Figure 8-4. Sample station visibility diagram
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STATION VISIBILITY DIAGRAM
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Indicate the horizontal and vertical limits of all objects obstucting veiw
of the sky exceeding 15 degrees above the horizon.
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Indicate distance, direction, frequency, and power of known RF sources.
Indicate distance, horizontal and vertical limits of any ohiect in the
vicinity that may cause radio signals to be reflected {(multipath).

1.
2.
3.

Figure 8-5. Worksheet 8-2, Station Visibility Diagram

8-11



EM 1110-1-1003
1 Aug 96

(10) Station intervisibility requirements. Project loop and network configurations recommended by the
specifications may dictate station intervisibility for azi- FGCS for geodetic surveying are not necessary.
muth reference. This may constrain minimum station
spacing. (5) On all projects, maximum use of combined static
and kinematic GPS observations should be considered,
f.  Multiple/repeat baseline connectionsTable 8-1 both of which may be configured to form pseudo-traverse
lists recommended criteria for baseline connectionsloops for subsequent field data validation and final
between stations, repeat baseline observations, and multiadjustment.
ple station occupations. Many of these standards were
developed by FGCS for performing high-precision geo- 8-4. GPS Network Design and Layout
detic control surveys such that extensive redundancy will
result from the collected data. Since the purpose of theseA wide variety of survey configuration methods may be
geodetic densification surveys is markedly different from used to densify project control using GPS survey tech-
USACE control densification, the need for such high niques. Unlike conventional triangulation, trilateration,
observational redundancy is also different. Adding redun-and EDM traverse surveying, the shape, or geometry, of
dant baseline/station occupations may prove prudent orthe GPS network design is not as significant. The follow-
some remote projects where accessibility is difficult. ing guidelines for planning and designing proposed GPS
surveys are intended to support lower order (Second-
g. Loop requirements. Loops (i.e., traverses) pro- Order, Class |, or 1:50,000 or less accuracy) control
vide the mechanism for performing field data validation surveys applicable to USACE civil works and military
as well as final adjustment accuracy analysis. Since loopsconstruction activities. An exception to this would be
of GPS baselines are comparable to traditional EDM/tapedGPS surveys supporting structural deformation monitoring
traverse routes, misclosures and adjustments can b@rojects where relative accuracies at the centimeter level
handled similarly. Most GPS survey nets (static or kine- or better are required over a small project area.
matic) end up with one or more interconnecting loops that
are either internal from a single fixed point or external a. Newly established GPS control may or may not
through two or more fixed network points. Loops should be incorporated into the NGRS, depending on the ade-
be closed off at the spacing indicated in Table 8-1. Loop quacy of the connection to the existing NGRS network, or
closures should meet the criteria specified in Table 8-1,whether it was tied only internally to existing project
based on the total loop length. See also Chapter 10 forcontrol.
additional GPS loop closure checks.
b. Of paramount importance in developing a network
(1) GPS control surveys may be conducted by form- design is to obtain the most economical coverage within
ing loops between two or more existing points, with ade- the prescribed project accuracy requirements. The opti-
guate cross-connections where feasible. Such alignmenmum network design, therefore, provides a minimum
procedures are usually most practical on civil works navi- amount of baseline/loop redundancy without an unneces-
gation projects which typically require control to be estab- sary amount of “over-observation.” Obtaining this opti-
lished along a linear path, e.g., river or canal embank-mum design (cost versus accuracy) is difficult and
ments, levees, beach renourishment projects, and jetties. constantly changing due to evolving GPS technology and
satellite coverage.
(2) Loops should be formed every 10 to 20 baselines,
preferably closing on existing control. c. GPS survey layout schemedhe planning of a
GPS survey scheme is similar to that for conventional
(3) Connections to existing control should be made astriangulation or traversing. The type of survey design
opportunities exist and/or as often as practical. adopted is dependent on the GPS technique employed and
the requirements of the user.
(4) When establishing control over relatively large
military installations, civil recreation projects, flood con- (1) GPS networking. A GPS network is proposed
trol projects, and the like, a series of redundant baselinesvhen established survey control is to be used in precise
forming interconnecting loops is usually recommended. network densification (1:50,000-1:100,000). For lower
When densifying Second- and Third-Order control for site order work (i.e., less than 1:50,000), elaborate network
plan design and construction, extensive cross-connectinggchemes are unnecessary and less work-intensive GPS
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survey extension methods may be used. When the netazimuth targets are not visible, and a check angle cannot
working method is selected, the surveyor should devise abe observed, a closed traverse involving one or more
survey network that is geometrically sound. Triangles control points is recommended. Again, a check angle or
that are weak geometrically should be avoided. The net-check azimuth should be observed from the starting con-
working method is practical only with static, pseudo- trol station. If a check angle is not performed, the survey
kinematic, and kinematic survey techniques. Figure 8-6can still be completed. However, if the survey does not
shows an example of a step-by-step method to build ameet specified closure requirements, the surveyor will be
GPS survey network. unable to assess what control point may be in error. If a

check angle or check azimuth cannot be observed, a third

control point should be tied into the traverse (Figure 8-7).
STEP 1 STEP 2 This will aid in determining the cause of misclosure.
SESSION 1 SESSION 2
OPEN TRAVERSE
|
STEP 3 STEP 4 1 LOOP TRAVERSE
SESSION 2 SESSION 3 A
Aaﬁfigfzzﬁzifjffff~—~‘
STEP 5 STEP 6
SESSION 3 SESSION 4 LEGEND
A KNOWN CONTROL
O UNKNOWN CONTROL
. CHECK ANGLES SHOULD
BE OBSERVED WHEN
B PERFORMING AN OPEN,
LOOP, OR CLOSED
Figure 8-6. GPS network design TRAVERSE

(2) GPS traversing. Traversing is the method of
choice when the user has only two or three receivers an
required accuracies are 1:5,000-1:50,000. Traversing with
GPS is done similar to conventional methods. Open-end (3) GPS spur shots. Spurs are an acceptable method
traverses are not recommended when 1:5,000 accuraciewhen the user has only two receivers or only a few con-
or greater are required. Since GPS does not provide suftrol points are to be established. Spur lines should be
ficient point positioning accuracies, the surveyor must observed twice during two independent observing ses-
have a minimum of one fixed (or known) control point, sions. Once the first session is completed, the receivers at
although three are preferred. A fixed control point is a each station should be turned off and the tripod elevations
station with known latitude-longitude-height or easting- changed. This procedure is similar to performing a for-
northing-height. This point may or may not be part of the ward and backward level line. It is important that the
NGRS. If only one control point is used and the station tripods be moved in elevation and replumbed over the
does not have a known height, the user will be unable tocontrol station between sessions. If this step is not imple-
position the unknown stations. When performing a loop mented, the two baselines cannot be considered indepen-
traverse, the surveyor should observe a check angle odent. Figure 8-8 shows an example of a spur line. Spurs
check azimuth using conventional survey techniques toare most applicable to static survey and relative position-
determine if the known station has been disturbed. Ifing (code phase) techniques.

d:igure 8-7. GPS traversing schemes
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reference (set at known points) receivers and at least one
SINGLE SPUR LINE (NOT RECOMMENDED} rover are recommended.

=0 . .
(2) Personnel. Personnel requirements are also proj-

ect dependent. Most GPS equipment is compact and light
o weight and only requires one person per station setup.
However, some cases where a station is not easily acces-
DOUBLE SPUR LINE sible or requires additional power for a data link, two

‘\ 0 individuals may be required.
(3) Transportation. One vehicle is normally required

O
LEGEND for each GPS receiver used on a project. This vehicle

should be equipped to handle the physical conditions that
A KNOWN CONTROL may be encountered while performing the field observa-
QO UNKNOWN CONTROL tions. In most cases, a two-wheel-drive vehicle should be
adequate for performing all field observations. If adverse
site conditions exist, a four-wheel-drive vehicle may be
Figure 8-8. GPS spur line required. Adequate and reliable transportation is impor-

tant when the observation schedule requires moving from
8-5. GPS Techniques Needed for Survey one station to another between observation sessions.

After a GPS network has been designed and laid out, a  (4) Auxiliary equipment. Adequate power should be
GPS survey method or technique needs to be consideredavailable for all equipment (receivers, computers, lights,
The concepts for each method were discussed in Chapetc.) that will be used during the observations. Computers
ter 6 and the procedures are discussed in Chapter 9. Thé386-based recommended), software, and data storage
most efficient method should be chosen in order to mini- devices (floppy disks and/or cassette tapes) should be
mize time and cost while meeting the accuracy require-available for onsite field data reduction use. Other equip-
ments of a given survey project. Once a technigue isment required for conduct of a GPS survey should include
chosen, the following can be set up: equipment require-tripods, tribrachs, measuring tapes, flagging, flashlights,
ments, observation schedules, and sessions designationieols, equipment cables, compass, and inclinometer. If
and planning functions. real-time positioning is required, then a data link is also
needed.

a. General equipment requirementsThe type of
GPS instrumentation used on a project depends on the b. Observation schedules.Planning a GPS survey
accuracy requirements of the project, GPS survey techrequires that the surveyor determine when satellites will
nigue, project size, and economics. Most USACE proj- be visible for the given survey area; therefore, the first
ects can be completed using a single-frequency receiverstep in determining observation schedules is to plot a sat-
Dual-frequency receivers are recommended as baselinellite visibility plot for the project area. Even when the
lengths approach or exceed 50 km. This length may alsoGPS becomes fully operational, full 24-hr coverage of at
vary depending on the amount of solar activity during the least four satellites may not be available in all areas.
observation period. Using a dual-frequency receiver per-
mits the user to solve for possible ionospheric and tropo- (1) Most GPS manufacturers have software packages
spheric delays which can occur as the signal travels fromwhich at least predict satellite rise and set times. An
the satellite to the receiver antenna. excellent satellite plot will have the following essential

information: satellite azimuths, elevations, set and rise

(1) Number of GPS receivers. The minimum number times, and satellite PDOPs for the desired survey area.
of receivers required to perform a differential GPS survey Satellite ephemeris data are generally required as input for
is two. The actual number used on a project will depend the prediction software.
on the project size and number of available instruments/
operators. Using more than two receivers will often (2) To obtain broadcast ephemeris information, a
increase productivity and allow for more efficient field GPS receiver collects data during a satellite window. The
observations. For some kinematic applications, two receiver antenna does not have to be located over a
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known point when collecting a broadcast ephemeris. The 1 = known horizontal control monument
data are then downloaded to a personal computer where 2 = known benchmark
they are used as input into the software prediction pro- 3 = known 3D monument
gram. Besides ephemeris data for the software, the user 4 = new horizontal control monument
is generally required to enter approximate latitude and 5 = new benchmark
longitude (usually scaled from a topographic map) and 6 = new 3D monument
time offset from UTC for the survey area. 7 = unplanned occupation
8 = temporary 2D point
(3) From the satellite plot, the user can determine the 9 = temporary 3D point

best time to perform a successful GPS survey by taking
advantage of the best combination of satellite azimuths,2, 3, 4 = actual station humber given to each station
elevations, and PDOPs as determined by the satellite
visibility plot for the desired survey area (for further 5, 6, 7 = Julian day of year
information on favorable PDOP values, refer to Chap-
ter 5). The number of sessions and/or stations per day 8 = session number
depends on satellite visibility, travel times between sta-
tions, and the final accuracy of the survey. Often, a (a) Example: Station Identifier: 40011821
receiver is required to occupy a station for more than one Position: 12345678
session per day.
(b) The numeral 4 in the number 1 position indicates

(4) A satellite polar plot (Figure 8-9), a satellite the monument being established is a new monument
azimuth and elevation table (Figure 8-10), and a PDOPwhere only horizontal position is being established.
versus time plot (Figure 8-11) may be run prior to site
reconnaissance. The output files created by the satellite  (c) The 001 in the number 2, 3, and 4 position is the
prediction software are used in determining if a site is station number that has been given to the monument for
suitable for GPS surveying. this project.

(5) Determination of session times is based mainly on (d) The 182 in the number 5, 6, and 7 position is the
the satellite visibility plan with the following factors taken Julian day of the year. This is the same day as 1 July.
into consideration: time required to permit safe travel
between survey sites; time to set up and take down the (e) The numeral 1 in the number 8 position iden-
equipment before and after the survey; time of survey;tifies the session number during which observations are
and possible time loss due to unforeseeable problems obeing made. If the receiver performed observations dur-
complications. Station occupation during each sessioning the second session on the same day on the same mon-
should be designed to minimize travel time in order to ument, the session number should be changed to 2 for the
maximize the overall efficiency of the survey. period of the second session (then the total station identi-
fier would be 40011822).
c. Session designations and planning function&
survey session in GPS terminology refers to a single (2) When alpha characters are permitted for station/
period of observation. Sessions and station designationsession designation, then a more meaningful designation
are usually denoted by alphanumeric characters (0, 1, 2can be assigned to the designation. The date of each sur-
A, B, C, etc.), determined prior to survey commencement.vey session should be recorded during the survey as cal-
endar dates and Julian days and used in the station/session
(1) When only eight numeric characters are permitted designation. Some GPS software programs will require
for station/session designations, the following convention Julian dates for correct software operation. In addition to
may be followed: determination of station/session designations before the
survey begins, the user (usually the crew chief) must:
12345678
(a) Determine the occupant of each station.
where
(b) Determine satellite visibility for each station.
1 = type of monument with the following convention
being recommended:
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Point; Washington

Date: Wednesday, April 13,

Sampling Rate: 10 Minutes

Constellation

451316202426
413162024 26
141316202426
1416202426
6172426
31617232426
316172326
916172326
9121617212325
91217212326
9121721232628
3 9121721232628
391217212326
91217212326
912172123
5912172123
59122123
5912202123
591220212325
51220212325
5121520212325
515202123125
515202125
11415202125
114202125
11420212225
114202225
11420222529
114222529
314212529
314222528129
3141822252829
314182225282931
3182225282931
3181922282911
181922282931
18192217 282931
181927283]
151819272831
2151819272831
21519272831
215192713]
2715192731
151927
14151927
13141527
13141527
131415
9131415
312131415
$1213 14
8
7
7

s ek s e b bt et bt fet bt bk o Ll LD

7
1
7
ki
7
751213 1424
57912111424
57121324
7121324
712131824
712131618 24
7121316182024
71316182024
1316182024
13152024
13

27
27
27
24
24
24
24
24
24
24
24
45
45
45
45
45
45
45
451316202426

1994

T Rise

0:00
0:10
020
0:30
0:40
1:40
2:00
2:40
340
3:50
410
4720
430
4:40
5:00
540
6:00
610
620
700
720
730
8:00
840
900
%50
920
10:00
10:10
10:50
1110
11.20
12:00
12:20
12:40
12:50
13:50
14:50
15:00
1520
1540
15:50
16:00
1710
17:50
18.:00
18:20
18:40
18:50
19:00
1%:20
19:30
20:20
20050
21:00
2130
21:40
2150
22:00
22:30
23:20
23:50

SV Constellations

Lat 33:51:0N Lon 77:02:0 W
Threshold Elevation 15 (deg)
26 Satellites considered : 12345791213 1415161718 192021222324 2526 27 28 29 31

T Set

Q10
020
Q:30
Q.40
1:40
100
2:40
1:40
150
4:10
420
4:30
440
5:00
5:40
6:00
510
620
1:00
T
7:30
800
B:40
900
910
@0
1G:00
10:10
10:50
1110
11:20
12:00
12:20
12:40
12:50
13:50
14:50
15:00
1520
15:40
15-50
16:00
17:20
1750
13:00
18:20
18:40
18:50
19:00
19:20
19:30
20:20
20:50
24:00
21:30
21:40
21:50
22:00
22:30
23:20
13:50
24:00

dT

o0
10
10
*10
100
0:20
Q40
1:00
X
Q:20
ol
Q10
ol
Q:20
0:40
Q.20
a1
a:10
0:40
0:20
0:10
0:30
0:40
0:20
010
0:10
0:40
0:10
0:40
020
0:10
0:40
0:20
0:20
0:10
1:00
100
0:10
0:20
0:20
010
0:10
1:20
030
0:10
0:20
0:20
010
010
0:20
010
050
030
{44}
030
o:l0
010
(I8 4]
:30
0:50
O30
:10

Ephemeris: CURRENT EPH 1/14/94
Time Zone 'Eastern Day USA' <4

PDOPF Rise PDOP Set

25
25
1.8
1.9
29
25
16
2.7
1.8
21
20
19
20
22
53
33
33
29
21
24
20
21
28
23
25
24
27
23
28
31
25
1.9
L9
22
20
30
2.8
31
28
1.e
21
29
24
63
535
29
26
14
2.0
21
18
22
19
25
34
29
27
L7
1.9
24
30
25

25
25
1.8
1.9
32
25
44
32
1.8
22
2.0
19
2.0
22
47
32
33
29
2.1
2.4
20
19
21
23
25
24
28
23
26
32
25
21
18
22
20
4.3
22
31
27
18
2.1
29
27
6.8
55
28
z4
24
20
23
28
2.2
17
5
37
29
2.7
1.7
2.0
16
2.7
25

Figure 8-10. Satellite azimuth and elevation table
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(c) Require site reconnaissance data for stations to be  (f) Require a station data logging sheet completed
occupied. Remember the same person who performed théor each station. Figures 8-12 and 8-13 are examples of
initial site reconnaissance may not be the individual per-various station logs used in USACE, along with blank
forming the survey; therefore, prior determined site recon-forms which may be used as worksheets. Standard bound
naissance data may require clarification before surveyfield survey books may be used in lieu of separate
commencement. log/work sheets.

(d) Develop a project sketch.

(e) Issue explicit instructions on when each session is
to begin and end.
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U.S5. ARMY CORPS OF ENGINEERS
GPS DATA LOGGING SHEET

T K R 3K Sk KK K 3 OR300 3K 0K 0 K 0 3 S K 0 o o e i ke 3 ke ok 3 0 08 o K O 0K K 3 3 3 o 0K K K K 0K K

PROJVECT NAME _ CoYeTE DDaAM LOCALITY LKiaH , Ca
OBSERVER _ [ agrvY L AamB AGENCY/FIRM _ Co= Y =
RECEIVER TRiMBLE  Hoom Sk S/IN 282G A0 223
ANTENNA _TumeiEe TMoacpo S S/N _ 2R A og z24
DATA RECORDING UNIT __ReEc&ivar S/N 38205‘29%'23
TRIBRACH _Wicd &DF22  S$/N A AA LAST CALIBRATED: z
******t*****t*!*!**t*****t****#*********t!**tt*************K********I!*K!*!
SESSION 1 SESSION 2 SESSION 3
__> -
STATION NAME Pier 2 Per C Per 2
STATION NUMBER 20002, 2002 Zoo.
DAY OF YEAR /15 /!5 /5
DATE MM DD YY o+ /25 /89 OH /25 /89 ©y/Z5/89
UTC TIME OF START STOP START STOP START sTOP
OBSERVATION 0456 0558 060 0738 07:55__04:20

e L g e T T 22 e P T T T 12 Lttt i)
ANTENNA HEIGHT MEASUREMENTS

SESSION 1 SESSTION 2 SESSION 3
SLOPE @ O- 1200 ©.420 ©.11% ‘_{IZ-_UL.. Ot &1k c-123 o.{24 p. 124
BEGINNING j "Te IN =002l M H%e =0.L M S IN =029 M
= o120 M MN = Ol M MN = O. 1238 M
SLOPE @ H'% % 4% 4% 40e UG 4 e 4™
END c.ize M =4 "% IN ol M= 4% IN ©.123 M =H Yy, IN
MN = _©.120 M MN = _&. 11 M MN = _O-1236 M
MN ADJ
TO VERT (D. FZ() M CD-I'Q, M 0.l13ﬁ{ H
b33+ ¢4 ¢3S F ST T I T2 TS 233343153323+ 343 3¢ 3338333333333 33 3333331
PROGRAMMED  FIELD PROGRAMMED  FIELD PROGRAMMED  FIELD
REFPOS  POSITION REFPOS  POSITION REFPOS  POSITION
LAT 39-/2-30_39-12-22.¢4 39-12-30  39-12-22.48 33-12-30 39-/2-22.8}
LONG J23-/0°30 (23-16-3342 123-]6-30 (23-15-33.20  [Z3~(0-30 [z8-70-2342
HT 244.0  2.0.(, 244 0 199. 9 Z4Y. 0  222.8
PDOP 3.6 o8 4.0
§VS TO 0Z, 03,26, 01, 02,0304 0%, o8 09 21
TRACK 21y 12, 43, /Y e, gch;f‘ £ Y,
LOCAL SCHEDULED ACTUAL SCHEDULED ACTUAL SCHEDULED ACTUAL
TIME:
START 2155 2150 2338 2310 ol 20 005 5
sSTOP 22:55 22.55 QoL 38 00 38 02 25 Q2L 20

EEEEE AR NN KR AN RN NN N AR AR AR AR AR RN R R K KKK Rk R kA Xk Xk kX

PAGE 1

Figure 8-12. Sample GPS data logging sheet (Continued)

8-20




EM 1110-1-1003
1 Aug 96

U.S5. ARMY CORPS OF ENGINEERS
GPS DATA LOGGING SHEET
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4
1
1
1
1
+
L}
]
]
1
1
1
1
3
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1
1
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1
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1
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1
1
1
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'& Piss, Z

Roan
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&

35038 o5 S KK RN R I K 00K R K K K RO 00K 0K 3 KKK K O K 0 T K O K K K D O N

Describe any abnormalities and/or problems encountered during the survey,
include session number, time of occurance and duration,

T-HE ALTESIA Was Hou~rTed blmﬁcTu\l OVER. P““n‘ Z
Wery  prle TTRiPen Uded .

At unnm HELGwT WaAs HMoasunrepn \/ti.n.'r'\c.qn.l..\] oo =
hnoumst Plama To RBnrazs Dyosi,
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Figure 8-12. (Concluded)
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U.S. ARMY CORPS OF ENGINEERS
GPS DATA LOGGING SHEET
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DATE MM DD YY
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LAT

LONG

HT

PDOP
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TRACK
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TIME:
START

STOP
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Figure 8-13. Worksheet 8-3, GPS data logging sheet (Continued)
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U.S. ARMY CORPS OF ENGINEERS
GPS5 DATA LOGGING SKEET
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Describe any abnormalities and/or problems encountered during the survey,
include session number, time of occurance and duration.
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Figure 8-13. (Concluded)
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Chapter 9
Conducting GPS Field Surveys

Section |
Introduction

9-1. General

This chapter presents guidance to field personnel perform-
ing GPS surveys for all types of USACE projects. The

primary emphasis in this chapter is on static and kine-
matic carrier phase differential GPS measurements which
is covered in Section IV. Absolute positioning is covered

in Section Il. Section Il covers differential code phase

GPS positioning techniques.

9-2. General GPS Field Survey Procedures

The following are some general GPS field survey proce-

dures that should be performed at each station, observa- NORTH SIDE AIENA SOUTH SIDE

tion, and/or session on a GPS survey.

a. Receiver setup.GPS receivers shall be set up in ﬁfE'{GU;!r-
accgrdgnce with manu_facturers §p§0|f|cat|ons prior to MEASUREMENTS CORRECTED
beginning any observations. To eliminate any possibility HEIGHT
of missing the beginning of the observation session, all MEASUREMENT

equipment should be set up with power supplied to the
receivers at least 10 min prior to the beginning of the
observation session. Most receivers will lock-on to satel-
lites within 1-2 min of powering up.

b. Antenna setup. All tribrachs used on a project
should be calibrated and adjusted prior to beginning each 7 MONUMENT v
project. Dual use of both optical plummets and standard :
plumb bobs is strongly recommended since centering

errors represent a major error source in all survey work,
not just GPS surveying. Figure 9-1. Height of instrument measurement setup

c. Height of instrument measurementsdeight of be determined to the nearest millimeter in metric units
instrument (HI) refers to the correct measurement of theand to the nearest 0.01 ft (or 1/16 in.). It should be noted
distance of the GPS antenna above the reference monuwhether the HI is vertical or diagonal.
ment over which it has been placed. HI measurements
will be made both before and after each observation ses- d. Field GPS observation recording procedures.
sion. The HI will be made from the monument to a stan- Field recording books, log sheets, or log forms will be
dard reference point on the antenna. (See Figure 9-1.)ompleted for each station and/or session. Any acceptable
These standard reference points for each antenna will beecording media may be used. For archiving purposes,
established prior to the beginning of the observations sostandard bound field survey books are preferred; however,
all observers will be measuring to the same point. All HI USACE Commands may require specific recording sheets/
measurements will be made both in meters and feet forforms to be used in lieu of a survey book. The amount of
redundancy and blunder detection. HI measurements shaltecord-keeping detail will be project-dependent; low-order
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topographic mapping points need not have as muchexpressed in real time; however, the data can be post-
descriptive information as would permanently marked pri- processed if station occupation was over a period of time.
mary control points. The following typical data may be The post-processing produces a best-fit point position.
included on these field log records: Although this will provide a better internal approximation,
the effects of S/A when activated still degrade positional

(1) Project, construction contract, observer(s) accuracy up to 80-100 m. The PPS user requires a
name(s), and/or contractor firm and contract decryption device within the receiver to decode the effects

number. of S/IA. The PPS provides an accuracy between 10 and
16 m when a single-frequency receiver is used for obser-
(2) Station designation. vation. Dual-frequency receivers using the precise ephe-
meris may produce an absolute positional accuracy on the
(3) Station file number. order of 1 m or better. These positions are based on the
absolute WGS 84 ellipsoid. The PPS that uses the precise
(4) Date, weather conditions, etc. ephemeris requires the data to be post-processed. At
present, a commercial or military receiver capable of
(5) Time start/stop session (local and UTC). meter-level GPS point positioning without post-processing

is not available.
(6) Receiver, antenna, data recording unit, and tri-
brach make, model, and serial numbers. 9-4. Absolute (Point Positioning) Techniques

(7) Antenna height: vertical or diagonal measures in There are two techniques used for point positioning in the
inches (or feet) and meters (or centimeters). absolute mode. They are long-term averaging of positions
and differencing between signals.
(8) Space vehicle designations (satellite number).
a. In long-term averaging, a receiver is set up to

(9) Sketch of station location. store positions over a period of observation time. The
length of observation time varies based upon the accuracy

(10) Approximate geodetic location and elevation. required. The longer the period of data collection, the
better average position. These observation times can

(11) Problems encountered. range between 1 and 24 hr. This technique can also be

used in real-time (i.e., the receiver averages the positions
USACE Commands may require that additional data beas they are calculated). For example, the precise light-
recorded. These will be contained in individual project weight GPS receiver (PLGR) GPS receiver uses this tech-
instructions or contract delivery order scopes. Samples ofnique in calculating a position at a point.
typical GPS recording forms are shown later in this
chapter. b. The process of differencing between signals can
only be performed in a post-processed mode. Currently,
e. Field processing and verification.lt is strongly the Defense Mapping Agency has produced software that
recommended that GPS data processing and verificatiorcan perform this operation.
be performed in the field where applicable. This is to
identify any problems that may exist which can be cor- Section llI
rected before returning from the field. Processing and Differential Code Phase GPS Positioning Techniques
verification is covered in Chapters 10 and 11.
9-5. General

Section I

Absolute GPS Positioning Techniques Differential (or relative) GPS surveying is the determina-
tion of one location with respect to another location.

9-3. General When using this technique with the C/A- or P-code it is

called relative code phase positioning or surveying. Rela-
The accuracy obtained by GPS point positioning is depen-tive code phase positioning has limited application to
dent on the user’s authorization. The SPS user can prodetailed engineering surveying and topographic site plan
vide an accuracy of 80-100 m. SPS data are most oftermapping applications. Exceptions include general
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reconnaissance surveys, hydrographic survey vessel ofhese accuracies will meet Class 1 hydrographic survey
dredge positioning (see EM 1110-2-1003 for further infor- standards as stated in EM 1110-2-1003. This type of
mation on these surveys), and some operational militarysurvey could also be used for small-scale mapping or used
or geodetic survey support functions. Additional applica- as input to a GIS database.

tions for relative code phase positioning have been on the

increase as positional accuracies have become better. b. Reference stationThe reference station is placed
on a known survey monument in an area having an unob-
9-6. Relative Code Phase Positioning structed view of the sky of at least four satellites, 10 deg

above the horizon. It consists of a GPS receiver, GPS
The code phase tracking differential system is currently aantenna, processor, and a communication link (if real-time
functional GPS survey system for positioning hydro- results are desired). The reference station measures the
graphic survey vessels and dredges. It also has applicatiming and ranging information broadcast by the satellites
tion for topographic, small-scale mapping surveys andand computes and formats range corrections for broadcast
input to a GIS database. The basic concept is shown into the user equipment. Using the technology of differen-
Figure 9-2. Although greater positional accuracies can betial pseudo-ranging, the position of a survey vessel is
obtained with use of the P-code, DoD’s implementation of found relative to the reference station. The pseudo-ranges
A/S will limit its use. A real-time dynamic DGPS posi- are collected by the GPS receiver and transferred to the
tioning system includes a reference station, communica-processor where PRCs are computed and formatted for
tion link, and user (remote) equipment. If results are not data transmission. Many manufacturers have incorporated
required in real-time, the communication link can be the processor within the GPS receiver, eliminating the
eliminated and the positional information is post- need for an external processing device. The recom-
processed. mended data format is that proposed by the RTCM Spe-
cial Committee (SC) 104 v. 2.0. The processor should be
capable of computing and formatting PRCs every 1-3 sec.
A longer time span could affect the user’'s positional
solution due to effects of S/A.

¢c. Communication link The communication link is
used as a transfer media for differential corrections. The
main requirement of the communication link is that trans-
mission be at a minimum rate of 300 bits per second.
The type of communication system is dependent on the
user’'s requirements.

(1) Frequency authorization. All communication
links necessitate a reserved frequency for operation to
avoid interference with other activities in the area. No
transmission can occur over a frequency until the fre-
qguency has been officially authorized for use in transmit-
ting digital data. This applies to all government agencies.
Allocating a frequency is handled by the FOA's Fre-
guency Manager responsible for the area of application,
the vendor supplying the equipment, and the user.

(2) Ultra High Frequency (UHF) and Very High
Frequency (VHF). Communication links operating at
UHF and VHF are viable systems for the broadcast of
DGPS corrections. UHF and VHF can extend out some
Figure 9-2. Code phase DGPS concept 20 to 50 km, depending on local conditions. The disad-

vantages of UHF and VHF links are their limited range to
line of sight and the effects of signal shadowing (i.e.

a. Accuracy of relative code surveyfRelative code islands, structures, and buildings), multipath and licensing

phase surveys can obtain accuracies of 0.5 to 10 missues.

PRC = Known - Measurad
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(3) Satellite communications. There are several com- (b) The USCG system has potential for supporting
panies that sell satellite communication systems which canother nonmarine activities such as master planning, engi-
be used for the transmission of PRCs. These systems caneering, mapping, operations, and GIS development activ-
be efficient for wide areas, but are usually higher in price. ities where meter-level accuracy is sufficient.

(4) License-free radio-modems. Several companiesSection IV

have developed low wattage (1 watt or less) radio- Differential Carrier Phase GPS Horizontal

modems to transmit digital data. These radio-modemsPaositioning Techniques

require no license and can be used to transmit DGPS cor-

rections in a localized area (within 5-8 km or less depend-9-7. General

ing on line of sight). The disadvantages are the short

range and line-of-sight limitations. Differential (or relative) GPS carrier phase surveying is
used to obtain the highest precision from GPS and has

d. User (remote station) equipment.The remote  direct application to most USACE military construction

receiver should be a multichannel single frequency C/A-and civil works topographic and engineering survey

code GPS receiver. The receiver must be able to storeactivities.

the raw data to be post-processed. During post-process-

ing, these PRCs are generated with the GPS data from the a. Differential survey techniques.There are basi-

reference station and then applied to the remote statiorcally six different GPS differential surveying techniques

data to obtain a corrected position. If the results are (paragraph 6-4) in use today:

desired in real time, the receiver must be able to accept

the PRCs from the reference station (via data link) in the (1) Static.

RTCM SC 104 v. 2.0 format and apply those corrections

to the measured pseudo-range. The corrected position can (2) Pseudo-kinematic.

then be input into a data collector, hydro package, or GIS

database. (3) Stop and go kinematic.

e. USCG DGPS Navigation ServiceThe USCG (4) Kinematic.
DGPS Navigation Service was developed to provide a
nationwide (coastal regions, Great Lakes regions, and (5) Rapid static.
some inland waterways), all-weather, real-time, radio

navigation service in support of commercial and recre- (6) On-the-fly (OTF)/Real-time kinematic (RTK).
ational maritime interests. A 50+ station network will be
operational by FY96. Its accuracy was originally Procedures for performing each of these methods are

designed to fulfill an 8- to 20-m maritime navigation described below. These procedures are guidelines for
accuracy. However, a reconfigured version of the USCG conducting a field survey. Manufacturers’ procedures
system will now yield 1.5-m 2DRMS at distances upward should be followed, when appropriate, for conducting a
of 150 km from the reference beacon. The system oper-GPS field survey. Project horizontal control densification
ates on the USCG marine radio beacon frequenciescan be performed using any one of these methods. Proce-
(285-325 kHz). Each radio beacon has an effective rangedurally, all six methods are similar in that each measures
of 150 to 250 km at a 99.9 percent signal availability a 3D baseline vector between a receiver at one point
level. It is fully expected that the USCG system, once (usually of known local project coordinates) and a second
completed will be the primary marine navigation device receiver at another point, resulting in a vector difference
used by commercial and recreational vessels requiringbetween the two points occupied. The major distinction
meter-level accuracy. between static and kinematic baseline measurements
involves the method by which the carrier wave integer
(a) Corps-wide implementation and use of the USCG cycle ambiguities are resolved; otherwise they are func-
system will eliminate need for maintaining existing tionally the same process.
USACE-operated microwave positioning systems. It will
also significantly reduce or eliminate USACE require- b. Ambiguity resolution. Cycle ambiguity is the
ments to develop independent UHF/VHF DGPS networks unknown number of whole carrier wavelengths between
for meter-level vessel navigation and positioning. the satellite and receiver. It is also referred to as “Integer
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Ambiguity.” Figure 9-3 shows an example of an integer 386-based IBM-compatible personal computer (PC) with a
ambiguity measurement. Successful ambiguity resolutionmath co-processor. It is also strongly recommended that
is required for successful baseline formulations. Gener-all baseline reductions be performed in the field, if possi-

ally, in static surveying, instrumental error and ambiguity ble, in order to allow an onsite assessment of the survey
resolution can be achieved through long-term averagingadequacy.

and simple geometrical principles, resulting in solutions to

a linear equation that produces a resultant position. But9-8. Static GPS Survey Techniques

ambiguity resolution can also be achieved through a com-

bination of the pseudo-range and carrier beat measureStatic GPS surveying is perhaps the most common
ments, made possible by a knowledge of the PRN method of densifying project network control. Two GPS

modulation code. receivers are used to measure a GPS baseline distance.
The line between a pair of GPS receivers from which
c. Post-observation data reduction.Currently, all simultaneous GPS data have been collected and processed

carrier phase relative surveying techniques, except OTHs a vector referred to as a baseline. The station coor-
and RTK, require post-processing of the observed data tadinate differences are calculated in terms of a 3D, earth-
determine the relative baseline vector differences. OTFcentered coordinate system that utilizes X-, Y-, and
and RTK can be performed in real-time or in the post- Z-values based on the WGS 84 geocentric ellipsoid
processed mode. Post-processing of observed satellitenodel. These coordinate differences are then subse-
data involves the differencing of signal phase measure-quently shifted to fit the local project coordinate system.
ments recorded by the receiver. The differencing process

reduces biases in the receiver and satellite oscillators and a. General. GPS receiver pairs are set up over sta-
is performed in a computer. When contemplating the tions of either known or unknown location. Typically one
purchase of a receiver, the user should keep in mind theof the receivers is positioned over a point whose coordi-
computer requirements necessary to post-process the GP&ates are known (or have been carried forward as on a
data. Most manufacturers require, as a minimum, atraverse), and the second is positioned over another point

Figure 9-3. Integer Ambiguity
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whose coordinates are unknown, but are desired. Both  c. Satellite visibility requirements.The stations that
GPS receivers must receive signals from the same fourare selected for survey must have an unobstructed view of
(or more) satellites for a period of time that can range the sky for at least 15 deg or greater above the horizon
from a few minutes to several hours, depending on theduring the “observation window.” An observation win-
conditions of observation and precision required. dow is the period of time when observable satellites are in
the sky and the survey can be successfully conducted.
b. Static baseline occupation timeStation occupa-
tion time is dependent on baseline length, number of sat- d. Common satellite observationst is critical for a
ellites observed, and the GPS equipment used. In generaktatic survey baseline reduction/solution that the receivers
30 min to 2 hr is a good approximation for baseline occu- simultaneously observe the same satellites during the
pation time for shorter baselines of 1-30 km. A rough same time interval. For instance, if receiver No. 1
guideline developed by Trimble, Inc., for estimating occu- observes a satellite set during the time interval 1,000 to
pation time is shown in Figure 9-4. Note that this guide- 1,200 and another receiver, receiver No. 2, observes that
line exceeds the recommended minimum observing timessame satellite set during the time interval 1,100 to 1,300,
prescribed in Table 8-1. only the period of common observation, 1,100 to 1,200,
can be processed to formulate a correct vector difference
between these receivers.

e. Data post-processing.After the observation ses-
180 — 3 SATS sion has been completed, the received GPS signals from
both receivers are then processed (i.e., “post-processed”)
in a computer to calculate the 3D baseline vector compo-
4 SATS nents between the two observed points. From these
vector distances, local or geodetic coordinates may be
5 SATS computed and/or adjusted.

135 —
120

90
60
451=45

f. Survey configuration. Static baselines may be
extended from existing control using any of the control
densification methods described in Chapter 8. These
J include networking, traverse, spur techniques, or combina-
KM 10KM 100KM tions thereof. Specific requirements are normally con-

LENGTH OF BASELINE tained in project instructions (or scope of work) provided
by the District office.

AW
Ay

CBSERVATION TIME, min

g. Receiver operation and data reductiorSpecific
Figure 9-4. Station occupation time versus baseline receiver operation and baseline data post-processing
distance requirements are very manufacturer-dependent. The user
is strongly advised to consult and study manufacturer's
(1) Since there is no definitive guidance for deter- operations manuals thoroughly along with the baseline
mining the required baseline occupation time, the resultsdata reduction examples shown in this manual.
from the baseline reduction (and subsequent adjustments)
will govern the adequacy of the observation irrespective h. Accuracy of static surveys.Accuracy of GPS
of the actual observation time. The most prudent policy static surveys will usually exceed 1 ppm. Currently of all
is to exceed the minimum estimated times, especially forGPS processing methods, static is the most accurate and
lines where reoccupation would be difficult or field data can be used for any order survey.
assessment capabilities are limited.
9-9. Stop-and-Go Kinematic GPS Survey
(2) For baselines greater than 50 km in length, the Techniques
ionosphere may have an adverse effect on the solution.
Adverse ionosphere effects for baselines of this length canStop-and-go surveying is similar to static surveying in that
be reduced by using a dual-frequency GPS receiver, agach method requires at least two receivers simultaneously
opposed to a single frequency as is normally used.
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recording observations. A major difference between static () Rover recaiver

and stop-and-go surveying is the amount of time required et
i
5

for a receiver to stay fixed over a point of unknown posi-
tion. In stop-and-go surveying, the first receiver--the sy 0z
home or reference receiver--remains fixed on a known .

control point. The second receiver--the “rover” receiver-- | Rover LA

collects observations statically on a point of unknown |™*¥ @ Fixed recerver
position for a period of time (usually a few minutes), and

then moves to subsequent unknown points to collect sig-

nals for a short period of time. During the survey, at
least four common satellites (preferably five) need to be

X a2

Xayazi

! * Based on carrier phase

continuously tracked by both receivers. Once all required s obsarvations.

points have been occupied by the rover receiver, the Roverrecovei( ) | Positions determinad with
observations are then post-processed by a computer to ca| respect to Wha fixed station.
culate baseline vector/coordinate differences between thg + Recelver trajectory is

known control point and points occupied by the rover not detarmined.

receiver during the survey session. The main advantage
of this form of GPS surveying over static surveying is the Figure 9-5. Typical stop-and-go survey scheme
reduced occupation time required over the unknown
points. Because stop-and-go surveying requires less occusignal is disrupted and the receiver is not able to record it.
pation time over unknown points, time and cost for the If satellite lock is lost, the roving receiver must reobserve
conduct of a survey are significantly reduced. Achievable the last control station surveyed before loss of lock. The
accuracies typically equal or exceed Third-Order, which is receiver operator must monitor the GPS receiver when
adequate for most USACE projects. performing the stop-and-go survey to ensure loss of lock
does not occur. Some manufacturers have now incorpo-
a. Survey procedure.A typical stop-and-go survey rated an alarm into their receiver that warns the user when
scheme is illustrated in Figure 9-5. Stop-and-go GPS sur-loss of lock occurs, thus making the operator's job of
veying is performed similarly to a conventional EDM tra- monitoring the receiver easier.
verse or electronic total station radial survey. The system
is initially calibrated by performing either an antenna c. Site constraintsSurvey site selection and route
swap (seal below) with one known point and one between rover stations to be observed are critical. All
unknown point or by performing a static measurement sites must have a clear view of satellites having a vertical
over a known baseline. This calibration process is per-angle of 15 deg or greater. The routes between rover
formed to resolve initial cycle ambiguities. This known occupation stations must be clear of obstructions so that
baseline may be part of the existing network or can bethe satellite signal is not interrupted. Each unknown
established using static GPS survey procedures describestation to be occupied should be occupied for a minimum
above. The remote roving receiver then traverses betweemf at least 1-1/2 min. Stations should be occupied two or
unknown points as if performing a radial topographic three times to provide redundancy between observations.
survey. Typically, the points are double-connected, or
double-run, as in a level line. Optionally, two fixed d. Antenna swap calibration procedureAlthough
receivers may be used to provide redundancy on thethe antenna swap procedure can be used to initialize a
remote points. With only 1-1/2 min at a point, X-Y-Z survey prior to a stop-and-go survey, an antenna swap can
coordinate production is high and limited only by satellite also be used to determine a precise baseline and azimuth
observing windows, travel time between points, and over-between two points. The procedure requires that both sta-
head obstructions. tions occupied and the path between both stations main-
tain an unobstructed view of the horizon. A minimum of
b. Satellite lock. During a stop-and-go kinematic four satellites and maintainable lock are required to per-
survey, the rover station must maintain lock on at leastform an antenna swap; however, more than four satellites
four satellites during the period of survey (the reference are preferred. To perform an antenna swap, one receiver/
station must be observing at least the same four satellites)antenna is placed over a point of known control and the
Loss of lock occurs when the receiver is unable to contin- second, a distance of 10 to 100 m away from the other
uously record satellite signals or the transmitted satellitereceiver. Referring to Figure 9-6, the receivers at each

9-7



EM 1110-1-1003
1 Aug 96

station collect data for approximately 2 to 4 min.

The 9-10. Kinematic GPS Survey Techniques

receivers/antennae sets then swap locations; the receiver/

antenna at the known station is moved to the unknownKinematic surveying using differential carrier phase track-
site while the other receiver/antenna at the unknown siteing is similar to the two previous types of differential
is moved to the known site. Satellite data are again col-carrier phase GPS surveying because it also requires two

lected for 2 to 4 min.
back to their original locations.
antenna swap calibration.
the procedure, the procedure must be repeated.

e. Accuracy of stop-and-go surveysAccuracy of
stop-and-go baseline measurements will usually well Figure 9-7.

The receivers are then swappedreceivers recording observations simultaneously. Kine-
This completes one matic surveying is often referred to as dynamic surveying.
If satellite lock is lost during As in stop-and-go surveying, the reference receiver

remains fixed on a known control point while the roving
receiver collects data on a constantly moving platform
(vehicle, vessel, aircraft, manpack, etc.), as illustrated in
Unlike stop-and-go surveying, kinematic

exceed 1 part in 5,000; thus, Third-Order classification surveying techniques do not require the rover receiver to

project/mapping horizontal control can be effectively, remain motionless over the unknown point.

The obser-

efficiently, and accurately established using this technique.vation data are later post-processed with a computer to
For many USACE projects, this order of horizontal accu- calculate relative vector/coordinate differences to the rov-
racy will be more than adequate; however, field proce- ing receiver.

dures should be designed to provide adequate redundancy

for what are basically “open-ended” or “spur” points.

a. Survey procedure. A kinematic survey requires

Good satellite geometry and minimum multipath are alsotwo single frequency (L1) receivers. One receiver is set

essential in performing acceptable stop-and-go surveys.

1. Sat up two receivers closa together (10 to 30 m apart) and collect
data (cafrier phase measurements) for several minutes.

?Homa Recaiver %RCWET Recetvar

Station 2
&sumon 1(Known Station) @ PIN2 oy

2. Exchange antennae and collect more data, all the

time maintaining phase lock.
Rover Raceiver ?HOI‘H@ RAecaiver

,ﬁ\ Statlon 1 » Station 2
3. Exhange antennae, returning them to their originat pesitions, and
collect data for several minutes, ail the time maintaining phase lock.

=

-
Home Receiver Raver Receiver

P —
e

& Station 1

4, Four-sateliite lock required (> 4-satellite kock preferable).

@ Station 2

Processing : (as done by processing software)

5. Subtract observation equations to efliminate embiguity.
6. Determine baseline using known baseline method,

Figure 9-6. Stop-and-go ambiguity resolution (antenna
swap method)

9-8

over a known point (reference station) and the other is
used as a rover (i.e., moved from point to point or along a
path). Before the rover receiver can rove, a period of
static initialization or antenna swap (see paragrapld)9-9
must be performed. This period of static initialization is
dependent on the number of satellites visible. Once this
is done, the rover receiver can move from point to point
as long as satellite lock is maintained on at least four
common (with the reference station) satellites. If loss of
satellite lock occurs, a new period of static initialization
must take place. It is important to follow manufacturers’
specifications when performing a kinematic survey.

b. Kinematic data processing techniques general,
kinematic data processing techniques are similar to those
used in static surveying (Chapter 10). When processing
kinematic GPS data, the user must ensure that satellite
lock was maintained on four or more satellites and that
cycle slips are adequately resolved in the data recorded.

c. Accuracy of kinematic surveysDifferential (car-

rier phase) kinematic survey errors are correlated between
observations received at the reference and rover receivers,
as in differential static surveys. Experimental test results
indicate kinematic surveys can produce results in centime-
ters. Test results from an experimental full kinematic
GPS survey conducted by U.S. Army Engineer Topo-
graphic Laboratory (now TEC) personnel at White Sands
Missile Range, Holloman Air Force Base, New Mexico,
verified (under ideal test conditions) that kinematic GPS
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Rover Receiver

Station 1 ® ®
(Known Station) Rover Receiver

Based on pseudo-range(lower precision) and/or
carrier phase(higher precision) observations.

L

Positions determined with respect to the fixed station.

No intermediate stops required for moving receiver.

Either real-time or postmission processing possible.

Figure 9-7. Kinematic survey techniques

surveying could achieve centimeter-level accuracy over b. Common satellite requirement§.he pseudo-kine-

distances up to 30 km. matic technique requires that at least four of the same
satellites are observed between initial station occupations
9-11. Pseudo-Kinematic GPS Survey Techniques and the requisite reoccupation. For example, the rover

receiver occupies Station A for the first 5 min and tracks
Pseudo-kinematic GPS surveying is similar to stop-and-gosatellites 6, 9, 11, 12, 13; then 1 hr later, during the sec-
techniques except that loss of satellite lock is toleratedond occupation of Station A, the rover receiver tracks
when the receiver is transported between occupation sitesatellites 2, 6, 8, 9, 19. In this example, only satellites 6
(in fact, the roving receiver can be turned off during and 9 are common to the two sets, so the data cannot be
movement between occupation sites, although this is notprocessed because four common satellites were not
recommended). This feature provides the surveyor with atracked for the initial station occupation and the requisite
more favorable positioning technique since obstructionsreoccupation.
such as bridge overpasses, tall buildings, and overhanging
vegetation are common. Loss of lock that may result due c. Planning. Prior mission planning is essential in
to these obstructions is more tolerable when pseudo-conducting a successful pseudo-kinematic survey. Espe-
kinematic techniques are employed. cially critical is the determination of whether or not com-
mon satellite coverage will be present for the desired
a. General. The pseudo-kinematic techniques period of the survey. Also, during the period of observa-
require that one receiver be placed over a known controltion, one receiver, the base receiver, must continuously
station. A rover receiver occupies each unknown stationoccupy a known control station.
for 5 min. Approximately 1 hr after the initial station
occupation, the same rover receiver must reoccupy each  d. Pseudo-kinematic data processindg?seudo-kine-
unknown station. matic survey satellite data records and resultant baseline
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processing methods are similar to those performed forto be moving. Unlike kinematic surveying, OTF/RTK
static GPS surveys. Since the pseudo-kinematic techniquaurveying techniques use dual-frequency L1/L2 GPS
requires each station to be occupied for 5 min and thenobservations and can handle loss of satellite lock. Since
reoccupied for 5 min approximately an hour later, this OTF/RTK uses the L2 frequency, the GPS receiver must
technique is not suitable when control stations are widelybe capable of tracking the L2 frequency during A-S.
spaced and transportation between stations within theThere are several techniques used to obtain L2 during

allotted time is impractical. A-S. These include the squaring and cross-correlation
methods.
e. Accuracy of pseudo-kinematic survey®seudo-
kinematic survey accuracies are similar to kinematic sur- a. Ambiguity resolution. As explained before in
vey accuracies of a few centimeters. paragraph 943, successful ambiguity resolution is
required for successful baseline formulations. The OTF/
9-12. Rapid Static Surveying Procedures RTK technology allows the remote to initialize and

resolve these integers without a period of static initializa-
Rapid static surveying is a combination of the stop-and-gotion. With OTF/RTK, if loss of satellite lock occurs,
kinematic, pseudo-kinematic, and static surveying meth-initialization can occur while in motion. The integers can
ods. The rover or remote receiver spends only a shortbe resolved at the rover within 10-30 sec, depending on
time on each station, loss of lock is allowed between the distance from the reference station. OTF/RTK uses
stations, and accuracies are similar to static. Howeverthe L2 frequency transmitted by the GPS satellites in the
rapid static surveying does not require re-observation ofambiguity resolution. After the integers are resolved, only
remote stations like pseudo-kinematic. The rapid staticthe L1 C/A is used to compute the positions.
technique does require the use of dual-frequency (L1/L2)
GPS receivers with either cross correlation or squaring or b. Survey procedure.OTF/RTK surveying requires
any other technique used to compensate for A-S. dual frequency L1/L2 GPS receivers. One of the GPS
receivers is set over a known point, and the other is
a. Survey procedureRapid static surveying requires placed on a moving or mobile platform. If the survey is
that one receiver be placed over a known control point. performed in real time, a data link and a processor (exter-
A rover or remote receiver occupies each unknown stationnal or internal) are needed. The data link is used to trans-
for 5-20 min, depending on the number of satellites and fer the raw data from the reference station to the remote.
their geometry. Because most receiver operations are
manufacturer-specific, following the manufacturers’ guide- (1) Internal processor. If the OTF/RTK system is
lines and procedures for this type of survey is important. done with an internal processor (i.e., built into the
receiver), follow manufacturer’'s guidelines.
b. Rapid static data processingData collected in
the rapid static mode should be processed in accordance (2) External processor. If OTF/RTK is performed
with the manufacturer's specifications. See Chapter 10with external processors (i.e., notebook computer), then
for more information on post-processing GPS data. computer at the reference (386-based PC) collects the raw
GPS data and formats it to be sent via a data link to the
c. Accuracy of rapid static surveysAccuracies of remote. The notebook computer at the rover (486/33
rapid static surveys are similar to static surveys of a centi-based PC) processes the raw data from the reference and
meter or less. This method can be used for medium-to-remote receivers to resolve the integers and obtain a
high accuracy surveys up to 1/1,000,000. position.

9-13. OTF/RTK Surveying Techniques c. Accuracy of OTF/RTK surveysOTF/RTK sur-

veys are accurate to within 10 cm when the distance from
OTF/RTK surveying is similar to kinematic differential the reference to the rover does not exceed 20 k. Results
GPS surveying because it requires two receivers recordingf testing by TEC produced results of less then 10 cm.
observations simultaneously and allows the rover receiver
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Chapter 10 antenna, measured in the receiver time scale. When the
Post-processing Differential GPS differences between the satellite and the receiver clocks

are reconciled and applied to the pseudo-range observa-
bles, the resulting values are corrected pseudo-range val-
ues. The value found by multiplying this time difference
by the speed of light is an approximation of the true range
10-1. General between the satellite and the receiver, or a true pseudo-
range. A more exact approximation of true range
GPS baseline solutions are usually generated through ametween the satellite and receiver can be determined if
iterative process. From approximate values of the posi-jonosphere and troposphere delays, ephemeris errors,
tions occupied and observation data, theoretical values foimeasurement noise, and unmodeled influences are taken
the observation period are d8V8|OpEd. Observed Va'ue$nto account while pseudo-ranging calculations are per-
are compared to computed values, and an improved set oformed. The pseudo-range can be obtained from either

positions occupied is obtained using least squares minithe C/A-code or the more precise P-code (if access is
mization procedures and equations modeling potentialayailable).

error sources.

Observational Data

10-3. Carrier Beat Phase Observables
a. Processing time is dependent on the accuracy
required, software development, computer hardware usedyhe carrier beat phase observable is the phase of the sig-
data quality, and amount of data. In general, high accu-nal remaining after the internal oscillated frequency gen-
racy solutions, crude computer software and hardwareerated in the receiver is differenced from the incoming
low-quality data, and high volumes of data will cause carrier signal of the satellite. The carrier beat phase
longer processing times. observable can be calculated from the incoming signal or
from observations recorded during a GPS survey. By
b. The ability to determine positions using GPS is differencing the signal over a period or epoch of time,
dependent on the effectiveness of the user to determinene can count the number of wavelengths that cycle
the range or distance of the satellite from the receiverthrough the receiver during any given specific duration of
located on the earth. There are two general techniquesime. The unknown cycle count passing through the
currently operational to determine this range: pseudo-receiver over a specific duration of time is known as the
ranging and carrier beat phase measurement. These tecltycle ambiguity. There is one cycle ambiguity value per
niques are discussed in further detail below. satellite/receiver pair as long as the receiver maintains
continuous phase lock during the observation period. The
c. The user must take special care when attemptingvalue found by measuring the number of cycles going
a baseline formulation with observations from different through a receiver during a specific time, when given the
GPS receiver manufacturers. It is important to ensuredefinition of the transmitted signal in terms of cycles per
that observables being used for the formulation of the second, can be used to develop a time measurement for
baseline are of a common format (i.e., RINEX). The transmission of the signal. Once again, the time of trans-
common data exchange formats required for a baselinenission of the signal can be multiplied by the speed of
formulation exist only between receivers produced by thelight to yield an approximation of the range between the
same manufacturer, but there are some exceptions. satellite and receiver. The biases for carrier beat phase
measurement are the same as for pseudo-ranges although
d. This chapter will discuss general post-processinga higher accuracy can be obtained using the carrier. A
issues. Due to the increasing number and variety of soft-more exact range between the satellite and receiver can be
ware packages available, consult the manufacturer guideformulated when the biases are taken into account during
lines when appropriate. derivation of the approximate range between the satellite
and receiver.
10-2. Pseudo-Ranging
10-4. Baseline Solution by Linear Combination
The pseudo-range observable is calculated from observa-
tions recorded during a GPS survey. The pseudo-rangeThe accuracy achievable by pseudo-ranging and carrier
observable is the difference between the time of signalpeat phase measurement in both absolute and relative
transmission from the satellite, measured in the Sate"itepositioning surveys can be improved through processing
time scale, and the time of signal arrival at the receiver
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that incorporates differencing of the mathematical modelsThere are three forms of single differencing techniques
of the observables. Processing by differencing takesbetween epochs currently in use today: Intermittently
advantage of correlation of error (e.g., GPS signal, satel-Integrated Doppler (lID), Consecutive Doppler Counts
lite ephemeris, receiver clock, and atmospheric propaga{CDC), and Continuously Integrated Doppler (CID). 1ID
tion errors) between receivers, satellites, and epochs, ouses a technique whereby Doppler count is recorded for a
combinations thereof, in order to improve GPS process-small portion of the observation period, the Doppler count
ing. Through differencing, the effects of the errors that is reset to zero, and then at a later time the Doppler count
are common to the observations being processed are elimis restarted during the observation period. CDC uses a
inated or at least greatly reduced. Basically, there aretechnique whereby Doppler count is recorded for a small
three broad processing techniques that incorporate differportion of the observation period, reset to zero, and then
encing:  single differencing, double differencing, and restarted immediately and continued throughout the obser-
triple differencing. Differenced solutions generally pro- vation period.
ceed in the following order: differencing between
receivers takes place first, between satellites second, and b. Double differencing Double differencing is actu-
between epochs third. ally a differencing of two single differences (as detailed in
a above). There are two general double differencing pro-
a. Single differencing. There are three general cessing techniques: receiver-time double and receiver-
single differencing processing techniques: betweensatellite (see Figure 10-2). Double difference processing
receivers, between satellites, and between epochs (segchniques eliminate clock errors.
Figure 10-1).

receiver-satellite receiver-time
beliweenr?calvar'.ls | batwaan]satallite]s bl:::‘;l:l:l;l‘ :E“o;:hs , . | r /-LH !
e e @ > O " T

: G 2 - Satelite ': . E ; v E

6'1 é g () - GPS Receiver P PN

v v

Figure 10-1. Single differencing @ @ @ @

(1) Between receivers. Single differencing the math-
ematical models for a pseudo-range (P- or C/A-code) or

carrier phase observable measurements between receive] @ - Satellite
will eliminate or greatly reduce satellite clock errors and a
large amount of satellite orbit and atmospheric delays. @ - GPS recaiver

(2) Between satellites. Single differencing the mathe-
matical models for pseudo-range or carrigr_phase obs_er—Figure 10-2. Double differencing
vable measurements between satellites eliminates receiver
clock errors. Single differencing between satellites can be
done at each individual receiver during observations as a (1) Receiver-time double differencing. This tech-
precursor to double differencing and in order to eliminate nique uses a change from one epoch to the next, in the
receiver clock errors. between-receiver single differences for the same satellite.
Using this technique eliminates satellite-dependent integer
(3) Between epochs. Single differencing the mathe- cycle ambiguities and simplifies editing of cycle slips.
matical models between epochs takes advantage of the
Doppler shift or apparent change in the frequency of the (2) Receiver-satellite double differencing. There are
satellite signal by the relative motion of the transmitter two different techniques that can be used to compute a
and receiver. Single differencing between epochs is gen-eceiver-satellite double difference. One technique
erally done in an effort to eliminate cycle ambiguities. involves using two between-receiver single differences.

10-2



EM 1110-1-1003
1 Aug 96

This technique also uses a pair of receivers, recordingambiguities. It is desirable to formulate a fixed solution.

different satellite observations during a survey session andHowever, when the cycle ambiguities cannot be resolved,

then differencing the observations between two satellites.which occurs when a baseline is between 20 and 65 km in

The second technique involves using two between-satellitdength, a float solution may actually be the best solution.

single differences. This technique also uses a pair ofThe fixed solution may be unable to determine the correct

satellites, but different receivers, and then differences theset of integers (i.e., “fix the integers”) required for a solu-

satellite observations between the two receivers. tion. Double-differenced fixed techniques can generally

be effectively used for positional solutions over short

c. Triple differencing There is only one triple dif- baselines less than 20 km in length. Double differenced

ferencing processing technique: receiver-satellite-time (sedloat techniques normally can be effectively used for

Figure 10-3). All errors eliminated during single- and positional solutions for medium-length lines between 20

double-differencing processing are also eliminated duringand 65 km in length.

triple differencing. When used in conjunction with carrier

beat phase measurements, triple differencing eliminatesl0-6. Field/Office Data Processing and

initial cycle ambiguity. During triple differencing, the Verification

data are also automatically edited by the software to

delete any data that cannot be solved , so that the unre- a. It is strongly recommended that baselines should

solved data are ignored during the triple difference solu-be processed daily in the field. This allows the user to

tion. This feature is advantageous to the user because oidentify any problems that may exist. Once baselines are

the reduction in the editing of data required; however, processed, the field surveyor should review each baseline

degradation of the solution may occur if too much of the output file. The procedures used in baseline processing

data are eliminated during triple differencing. are manufacturer-dependent. Certain computational items
within the baseline output are common among manufac-
raceiver-satallite-time turers and may be used to evaluate the adequacy of the
baseline observation in the field. A list of the triple dif-
@4"‘ *-t-‘b ference, float double difference, and fixed double differ-
.. - \ ence vectorsdx-dy-dz are normally listed. The geodetic
,/ N P b azimuth and distance between the two stations are also
e d ! - . n listed. The RMS is a quality factor that helps the user
Foo L .. R R determine which vector solution (triple, float, or fixed) to
R use in an adjustment.  The RMS is dependent on the
\YA“‘HA baseline length and the length of time the baseline was
) . observed. Table 10-1 provides guidelines for determining

the baseline quality. If the fixed solution meets the
criteria in this table, the fixed vector should be used in the
adjustment. In some cases the vector passes the RMS

Yﬁ}; - Satellite test, but after'adjustment the vector does not fit i.nto the
network. If this occurs, the surveyor should try using the

@ - GPS receiver float vector in the adjustments or check to make sure
stations were occupied correctly.

Figure 10-3. Triple differencing b. The first step in data processing is transferring the
observation data to a storage device for archiving and/or

10-5. Baseline Solution by Cycle Ambiguity further processing. Examples of storage devices include a

Recovery hard disc drive, 5.25-in. disc, 3.5-in. disc, magnetic tape,
etc.

The resultant solution (baseline vector) produced from
carrier beat phase observations when differencing resolves c¢. Once observation data have been downloaded,
cycle ambiguity is called a “fixed” solution. The exact preprocessing of data can be completed. Pre-processing
cycle ambiguity does not need to be known to produce aconsists of smoothing/editing the data and ephemeris
solution; if a range of cycle ambiguities is known, then a determination. Smoothing and editing are done to ensure
“float” solution can be formulated from the range of cycle
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Table 10-1
Post-processing Criteria

RMS Criteria Formulation

Distance Between (d = distance between Formulated RMS Formulated RMS
Receivers, km receivers) Range, cycles Range, m
0-10 <(0.02 + (0.004*d)) 0.02 - 0.06 0.004 - 0.012

10 - 20 <(0.03 + (0.003*d)) 0.06 - 0.09 0.012 - 0.018
20 - 30 <(0.04 + (0.0025*d)) 0.09 - 0.115 0.018 - 0.023
30 - 40 <(0.04 + (0.0025*d)) 0.115 - 0.14 0.023 - 0.027
40 - 60 <(0.08 + (0.0015*d)) 0.14 - 0.17 0.027 - 0.032
60 - 100 <0.17 0.17 0.032
> 100 <0.20 0.20 0.04

Note:

1. These are only general post-processing criteria that may be superseded by GPS receiver/software manufacturer guidelines; consult
those guidelines when appropriate.
2. For lines longer than 50 km, dual frequency GPS receivers are recommended to meet these criteria.

data quantity and quality. Activities done during smooth- 0.2 cycles) may not always indicate good results but is
ing and editing include determination and elimination of one indication to be taken into account. RMS can gener-
cycle slips; editing gaps in information; and differencing ally be used to judge the quality of the data used in the
between receivers, satellites, and epochs. post-processing and the quality of the post-processed
baseline vector.

d. Retrieval of post-processed ephemerides may be
required depending on the type of receiver used for the b. Repeatability. Redundant lines should agree to
survey. Codeless receivers require a post-processed ephéhe level of accuracy that GPS is capable of measuring to.
merides file, either that recorded by another GPS receiverFor example, if GPS can measure a 10-km baseline to
concurrent with conduct of the survey or post-processedl cm +1 ppm, the expected ratio of misclosure would be
ephemerides provided by an ephemeris service. Code
receivers do not require post-processed ephemerides since 0.01 m + 0.0lm = 1:500,000
they automatically record the broadcast ephemerides dur- 10,000
ing conduct of the survey.

Repeated baselines should be near the corresponding

10-7. Post-processing Criteria
lcm+ 1 ppm

Generally, post-processing software will give three solu- baseline
tions: a triple difference, a double-difference fixed solu-
tion, and a double-difference float solution. In addition to ratio. See Table 10-2 for an example of repeatability of
RDOP as a measurement of the quality of data reduction GPS baselines.
methods exist today to gauge the success of an observa-
tion session based on data processing done by a differenc- c. Other general information included in a baseline
ing process. solution.

a. RMS. RMS is a measurement (in units of cycles (1) The following information is typically output
or meters) of the quality of the observation data collected from a baseline solution:
during a point in time. RMS is dependent on line length,
observation strength, ionosphere, troposphere, and multi- (a) Listing of the filename.
path. In general, the longer the line and the more signal
interference by other electronic gear, ionosphere, tropo- (b) Types of solutions (single, double, or triple
sphere, and multipath, the higher the RMS will be. A difference).
good RMS factor (one that is low, e.g., between 0.01 and
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Table 10-2
Example of Repeatability of GPS Baselines
Baseline X Y z Distance
Line 1 5,000.214 4,000.000 7,680.500 9,999.611
Line 2 5,000.215 4,000.005 7,680.491 9,999.607
Difference 0.001 0.005 0.009
Ratio = 0.010 / 9,999.6 = 1:967,000

(c) Satellite availability during the survey for each group of connected baselines, one must perform a loop
station occupied. closure on the baselines formulated. When GPS baseline
traverses or loops are formed, their linear (internal)
(d) Ephemeris file used for the solution formulation.  closure should be determined in the field. If job require-
ments are less than Third-Order (1:10,000 or 1:5,000),
(e) Type of satellite selection (manual or automatic). and the internal loop/traverse closures are very small, a
formal (external) adjustment may not be warranted.
(f) Elevation mask.
a. Loop closure software packagesThe internal
(g) Minimum number of satellites used. closure determines the consistency of the GPS measure-
ments. Internal closures are applicable for loop traverses
(h) Meteorological data (pressure, temperature,and GPS networks. It is required that one baseline in the

humidity). loop be independent. An independent baseline is
observed during a different session or different day.

(i) Session time (date, time). Today, many of the better post-processing software pack-
ages come with a loop closure program. Refer to the

()) Data logging time (start, stop). individual manufacturer post-processing user manuals for

a discussion on the particulars of the loop closure pro-
(k) Station information: location (latitude, longitude, gram included with the user hardware.
height), receiver serial number used, antenna serial num-

ber used, ID numbers, antenna height. b. General loop closure procedurdf the user post-
processing software package does not contain a loop
() RMS. closure program, the user can perform a loop closure as

shown below.
(m) Solution files: Ax, Ay, Az between stations, slope

distance between stationdlatitude, Alongitude between (1) List the Ax, Ay, and Az and length of the base-
stations, distance between stations, aheight. line being used in a table of the form shown in
Table 10-3.

(n) Epoch intervals.

(2) Sum theAx, Ay, Az, and distance components for

(0) Number of epochs. all baselines used in the loop closure. For instance, for

the baselines in Table 10-3, the summation would-hg,

(2) Sample static baseline formulations from two YAy, Az, and IDistancesor (Ax#1 + Ax#2 + Ax#3),
equipment manufacturers, Ashtech, Inc., (GPPS) and(Ay#1 + Ay#2 + Ay#3), (\z#1 + Az#2 + Az#3), and
Trimble Navigation (GPSurvey), are shown in Fig- (ADistance#1 + ADistance#2 + ADistance#3)
ures 10-4 and 10-5, respectively. The baseline formula-respectively.
tions have been annotated with the conventions in (a)-(0)

above as an aid in an explanation of the results. (3) Once summation of théx, Ay, Az, and ADis-
tancecomponents has been completed, the square of each
10-8. Field/Office Loop Closure Checks of the summations should be added together and the

square root of this sum then taken. This resultant value is
Post-processing criteria are aimed at an evaluation of athe misclosure vector for the loop. This relationship can
single baseline. In order to verify the adequacy of a be expressed in the following manner:
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Ashtech, Inc¢. GPPS5-~-L

Program: LINECOMP Version: 4.5.00

Tue Jan 25 10:16:25 1994

Project informaticn
GPS Survey

3203cC

Project information

Known-station parameters

FIXED STATION
564 270 DCO PIC
¢
N 40 2 18.36587
E 285 56 49.57251
W 74 3 10.42749
~12.0807
0.0000
0.0000
1.4300 0©.0000
20.0
50.0
1010.0
UMANTC93.320
Known-station parameters

0.0000

00
000000
FTM1
UNEKNOWN STATION
564 270. DCC PIC
0
N 40 18 45.82336
E 285 57 46.72853
W 74 2 13.27147
-20,5991
0.0000
0.0000
0.0000 0.0000
20.0
50.0
1010.0
UFTM1C93.320

0.0000

Run-time parameters
10
-1
15.0
1
0.010000
@0 00 00 00 00 00 0O
10
00 Q0 00 00 OO0 00 Q0
yes
Run-time parameters

Unknown-station parameters

Unknown-station parameters

25-character project name [ The | is in column 26. )

E-character session name

Receiver identifier used in "LOGTIMES" file
Project station number

4-character short name

25-character long name

25~character comment field

Position extraction (0=below,1=U-file,2=proj. file)
Latitude deg-min-sec (g=good;b=bad)

E-Longitude deg-min-sec (g=good;b=bad)

W-Longitude deg-min-sec (g=good;b=bad)

Ellipsoidal height (m) (g=good;b=bad)

North antenna offset{m}

East antenna offset (m)

Vert antenna offset (m): slant/radius/added offset
Temperature (degrees C)

Humidity (percent)

Pressure {(millibars)

Measurement filename (restricted to 24 characters)

Receiver identifier used in "LOGTIMES" file

Project station number

4d-character short name

25-character long name

25~character comment field

Position extraction (0O=below,l=U-file,2=proj. file)
Latitude deg-min-sec (g=gocod;b=bad)

E-Longitude deg-min-sec (g=good;b=bad)

W-Longitude deg-min-sec (g=good;b=bad)

Ellipseoidal height ({m) {g=good;b=bad)

North antenna offset(m)
East antenna offset (m)
Vert antenna offset (mj):
Temperature (degrees ()
Humidity (percent)
Pressure (millibars}
Measurement filename (restricted to 24 characters)

slant/radius/added offset

First epoch to process

Final epoch to process {-1 = last available)
Elevation cutoff angle {degrees)

Data to process (0=Wdln;1l=Ll;2=L2;3=Llc;6=RpdSt)
Convergence criterion (meters)

Omit these satellites (up to 7)

Maximum iterations for tlsg and dlaq

Forbidden reference SVs {up to 7)

Apply tropo delay correction

Figure 10-4. Sample static baseline formulation (Ashtech, Inc., GPPS-L) (Sheet 1 of 5)
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LINECOMP 4.5.00 12/11/92
FIXED U-File from P-Code receiver.
UNKWN U-File from P-Code receiver.
FIXED U-File used BROADCAST orbits.
UNKWN U-File used BROADCAST orbits.
Common start of two UFILES: 1993/11/16 20:23:60.00
Common end of two UFILES: 1993/11/16 22:00:20.00
Selected first epoch: 10
Selected last epoch: 290
For SV 1 there are 280 triple-difference measurements.
For SV 5 there are 181 triple-difference measurements.
For SV 12 there are 136 triple-difference measurements.
For SV 15 there are 152 triple-difference measurements.
For SV 20 there are 181 triple-difference measurements.
For §V 21 there are 181 triple-difference measurements.
For SV 23 there are 181 triple-difference measurements.
For SV 25 there are 181 triple-difference measurements.
Epoch interval (seconds): 20.000000
THE TRIPLE DIFFERENCE SOLUTION {Ll)
Measure of geometry: 0.712832
num _meas = 1192 num_used = 1191 rms_resid = 0.002725(m)
Post-Fit Chisq = 1403.765 NDF = 1T.028
Sigmax {m): 0.347912
Sigmay (m): 0.646995
Sigmaz {(m): 0.327369
X ¥ z
x 1.00
y 0.17y 1.00
z 0.12z-0.50z 1.00
del station: -0.000007 -0.000001 0.000027
Stationl: FIXED STATION Station2: UNKNOWN STATION
(00000) (MANT} (00000) (FTM1)
Latitude: 40.03843496 40 2 18.36587 40.31281330 40 18 46.12789
E-Long : 285.94710348 285 56 49.57251 285.96293196 285 57 46.55506
W-Long : 74.05289652 74 3 10.42749 74.03706804 74 2 13.44494
E-Height: -12.0807 ~2.8736
Baseline vector: -4104.5950 19261.5243 23284.3880
Markl xyz : 1343513.8259 -4701767.9098 4081246.0717
Azl EI1 D1 : 2.52867 -0.1200 30496.1759
El N1 Ul 3 1350.8948 .30465.6429 9.2071
Mark2 xyz : 1339409.2309 -4682506.3855 4104530.4598
Az2 ET2 D2 : 182.53888 -0.1546 30496.1759
E2 N2 102 : -1345.4669 ~30467.1353 -9.2071
Double~Difference Epochs:
Prn: 1 Start epoch: 11 End epoch: 290
Prn: 5 S8tart epocht 110 End epoch: 290
Prn: 12 Start epoch: 110 End epoch: 2492
Prn: 15 Start epoch: 13% End epoch: 290
Prn: 20 Start epoch: 110 End epoch: 230

Figure 10-4. (Sheet 2 of 5)
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Prn: 21 Start epoch: 110 End epoch: 290
Prn: 23 Start epoch: 110 End epoch: 290
Prn: 25 Start epoch: 110 End epoch: 290

THE FLOAT DOUBLE DIFFERENCE SOLUTION {Ll}
Measure of geometry: 0.195687
num_meas 1200 num_used =
Post-Fit Chisg = 196.429

1200
NDF

1
Ambiguity
59386.483f
2121069.8B16f
-184904.908f
646212.381f

Reference 5V:
sV
5
15
21
25

Meas
182
152
182
182

FIT

0.054
0.097
0.073
0.093

0.0493793
0.056987
0.026423
0.283527
0.289386
0.245180
0.217266
0.134735
0.204750
0.19695¢4
N N

Sigmax
Sigmay
Sigmaz
SigmaN
SigmaN
SigmaN
SigmaN
SigmaN
SigmaN
SigmaN (cy}:

x Yy z
1.00

0.19y 1.00
0.082-0.30z 1.00
0.77N 0.74N-0.23N 1.00

0.53N 0.90N-0.22N 0.92N 1.00

N-0.81N 0.35N-0.35N-0.27N 0.01N 1.00

N 0.B7N 0.27N-0.35N 0.80N 0.5BN-0.57N 1.00
N 0.39N-0.52N-0.30N 0.04N-0.24N-0.51N 0.55
N 0.70R 0.11N-0.56N 0.628 0.39N-0.47N 0.91
N-0.68N-0.578~-0.38N-0.71N-0.70N 0.41N-0.40

(m):
(m):
(m):
{cy):
(cy):
{cy):
(ey):
{cy}):
(cy}:

- TR

del_station: ~0.000000 -0.000000 0.0000Q00
Stationl: FPIXED STATION
{000GC0) ({MANT)

Latitude: 40.03843496 40 2 18.36587
E-Long 285.94710248 285 56 49.57251
W-Long : 74.05289652 74 3 10.42749
E-Height: -12.0807
Baseline vector: -4104.5984 19261
Markl xyz : 1343513.8259 -4701767.9098
azl ET1 Dl : 2.52863 -0.1199
El N1 ul 3 1350.8687 30465.5734
Mark2 xyz : 1339409.2275 -4682506.4679
Az2 E12 D2 182.53884 -0.1547
E2 N2 U2 -1345.4410 -30467.0660
AMBIGUITY RESOLUTION
1 2
Abs Contrast 0.000 0.000

Wavelength = 0.190294 (m/cycle)

rms resid = 0.0139%1(m)

= 1T.111
sv Ambiguity
12 -1227312.585
20 £31426.734
23 -1075927.1%4
N N N

N 1.00
N 0.71N 1.00
N 0.35N-0.09N .00

Station?2:
{00000)
40.31281268

74.03706834
~-2.8299

-4419 23284.3633
4081246.0717
30496.1054
9.2508
4104530.4350
30496.1054
-9.2508

3
0.000

4
0.000

f
f

FIT Meas
0.050 138
0.072 182
0.062 182

UNKNOWN STATION
(FTM1)

40 18 46.12563
285.96293166 285 57 46.55396

74

4 13.44604

Figure 10-4. (Sheet 3 of 5)
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Contrast 99,993 100.000 100.000
Change Chi2 318.829 907.189 1231.184 1556.459
Bias § 1: 5 59387 59385 59387 59387
Bias 8§ 1:12 -1227312 -1227314 -1227312 -1227312
Bias S5 1:15 2121070 2121070 2121069 2121071
Bias § 1:20 531427 531426 531427 531427
Bias S 1:21 -184505 -184905 -184905 -184905
Bias 5 1:22 -1075927 -1075928 -1075927 -1075927
Bias 5 1:25 646212 646213 646212 646213
NDF=127.0000 Chi2=186.4289
1 2 3 4
Abs Contrast 0.000 0.000 0.000 0.000
Contrast 99.999 100.000 100.000
Change Chi2 298.148 843.456 1086.524 1100.925
Bias S5 1:12 -1227312 -1227314 -1227313 -1227313
Bias & 1l:15 2121070 2121070 2121069 2121071
Bias S5 1:20 531427 531426 531427 531426
Bias S 13121 -184505 -184905 -1849405 -184905
Bias § 1:23 ~-1075927 -1075928B -1075927 -1075928
Bias § 1:25 646212 646213 646212 646213
NDF=127.0000 Chi2=186.4289
1 2 3 4
Abs Contrast 0.004 0.000 0.000 0.000
Contrast 99.986 100.000 100,000
Change Chi2 190.078 526.018 746.284 1076.670
Bias § 1:15 2121070 2121069 2121070 2121069
Bias § 1:20 531427 531427 531426 531426
Bias & 1:21 -184905 -184905 ~184905 -184905
Bias S 1:23 -1075927 -1075927 -1075928 -1075%28
Bias 8§ 1:25 646212 646212 646213 646212
NDF=127.0000 Chi2=186.42893
1 2 3 4
Abs Contrast 4.563 0.000 0.000 0.000
Contrast 100,000 100,000 100.000
Change Chi2 128.751 2529.042 3851.923 5153.774
Bias S 1: 5 59387 59388 59387 59387
Bias S 1:12 ~1227312 -1227311 -1227311 -1227313
NDF=132.0000 Chi2=376.5065
THE FIXED DOUBLE DIFFERENCE SOLUTION {L1)
Measure of geometry: 0.038900 Wavelength = 0.190294 (m/cycle)
num_meas = 1200 num_used = 1188 rms_resid = 0.021554 (m)
Post-Fit Chisgq =  435.849 NDF = 11.000
Reference SV: 1 Integer Search Ratio =
sV Ambiguity FIT Meas s5v Ambiguity Meas
5 59387.000X 0.066 182 12 ~-1227312,000X 0.070 138
i5 2121070.C00X 0.195 140 20 531427.000X 0.065 182
21 ~184905.000X 0.067 182 23 -1075927.000X 0.080 182
25 646212.000X 0.176 182
Sigmax (m)3 0.009106
Sigmay {m): 0.015190
Sigmaz {m): 0.016909
x ¥ z
x 1.00
y=-0.37y 1.00
7z 0.402-0.71z 1.00

Figure 10-4. (Sheet 4 of 5)
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del station: 0.001087 -0.002400 0.000191

Stationl: FIXED STATION Station2: UNENOWN STATION
(00000) (MANT) {00000) (FTM1)

Latitude: 40.03843496 40 2 18.,36587 40.31281315 40 18 46,12733
E-Long : 285.94710348 285 56 49.57251 285.96293257 285 57 46.55727
W-Long H 74.05289652 74 3 10.42749 74.03706743 74 2 13.44273
E-Height: ~12.0807 -2.9282

Baseline vector: ~4104.5533 19261.5680 23284.3397

Markl xyz : 1343513.8259 -4701767.9098 4081246.0717

Azl ET1 D1 : 2.52877 -0.1201 30496.1610

El Nl Ul : 1350.9471 30465.6258 9.1525

Mark2 xyz : 1339409.2726 -4682506.3418 4104530.4115

Az22 EI2 D2 : 182.53898 ~0.1545 30496.1610

E2 N2 U2 : ~-1345.5190 -30467.1180C -9,1525

Tue Jan 25 10:18:17 1994

Figure 10-4. (Sheet 5 of 5)
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Project Mame: ftm1?
Processed: Tuesday, January 25, 1994 11:17

WAYVE Baseline Processor, version 1.01
Summary Reference Index: 1
Fixed Station: MANT
Antenna Height (meters): 1.430 [True Vertical]
Data file: MANT320C.DAT
Floating Station: FTM1
Antenna Height (meters): 0.000 [True Vertical]
Data file: FTM1320C.DAT
Start Time: 11/16/93 20:21:40 GPS (723 246100)
Stop Time: 11/16/93 22:00:20 GPS (723 252020)
Occupation Time: 0 01:38:40
Measurement Epoch interval (seconds): 20.00
Solution Type: Receiver/satellite double difference

Fixed integer phase ambiguity

Iono free carrier phase
Solution Acceptability: Passed
Number of Observations / Number Rejected1838 / 0 (0.00% of Total Observations)
Baseline Slope Distance (meters): 30496.196

Forward Backward

Normal Section Azimuth: 2% 31" 42.850578° 182% 32' 19.610607"
Vertical Angle: -0% 07° 12.582816" -DE 09" 16.140268"
Baseline Components {meters): dn  30466.437 de 1345414 du -63.957

dx -4104.555 dy 19261.587 dz 23284.370
Standard Deviations: 5.303799E-004  9.044810E-004 8.225305E-004
Aposteriori Covariance Matrix: 2.813028E-007

-2.038846E-007  B.180858E-007
1.759316E-007 -4.827601E-007 6.765565E-007

Reference Variance: 0.633
Variance Ratio 2nd Best/Best Ambiguity Candidate: 28.0
RMS (meters): 0.014

Figure 10-5. Sample static baseline formulation (Trimble Navigation (GP Survey) (Sheet 1 of 3)
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Froject: fim1

X=1343486.892

Processed: Tuesday, January 25, 1994 11:17 WAVE 1.01
Fixed Sta
Positton: 408 02’ 18.244439" N 74% 03 11,

Y= -4701771.345

sV

Satellite Tracking Summary

e
~— ar—

o
o

20:20:00 (246000)

Float Sta

X=1339382.336

Position: 40% 18 46.008533" N T4% G2 14,

Y= -4682509.739

10 min. / div.

w
<

Satellite Tracking Summary

¥
=

20:20:00 {246000)

10 min. / div.

Figure 10-5. (Sheet 2 of 3)
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Project: ftml

Processed: Tuesday, Januvary 25, 1994 11:17 WAVE 1.01
Station si
Shading i

sV Satellite Tracking Summary

B RAR AR
AR
e ebet -

J30hoheS

20:20:00 (246000} 10 min, / div.

Figure 10-5. (Sheet 3 of 3)
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Table 10-3
Loop Closure Procedure

Julian
Baseline Day Session DX Ay Az ADistance
#1 Day # AX #1 Ay #1 Az #1 Distance #1
#2 Day # AX #2 Ay #2 Az #2 Distance #2
#3 Day # DX #3 Ay #3 Az #3 Distance #3

m = \/(ZAXZ) + (EAY) + (AP (10-1) 01
where
m = misclosure for the loop
, 03
ZAx = sum of allAx vectors for baselines used 02 @

>Ay = sum of allAy vectors for baselines used

_ LOOP B
>Az = sum of allAz vectors for baselines used

. . A KNOWN STATION
(4) The loop misclosure ratio may be calculated as O UNKNOWN STATION

follows: —»— VECTOR DIRECTION 04
. ..m
Loop misclosure ratioc= T (10-2) Figure 10-6. Internal loop closure diagram
where were known control stations. This provided an indepen-

dent baseline for both loops.

L = total loop distance (perimeter distance)
(1) The closure for loop 01-02-03 is computed with

(5) The resultant value can be expressed in the fol-the vectors 01-02 and 01-03, day 065, session A, and the

lowing form: vector 02-03, day 065, session B. The vector 02-03 from
session B provides an independent baseline. The loop
1: Loop Misclosure Ratio closure is determined by arbitrarily assigning coordinate

values of zero to station 01 (X=0, Y=0, Z=0). The vector
with all units for the expressions being in terms of the from 01-02 is added to the coordinates of station 01. The
units used in the baseline formulations (e.g., m, ft, mm, vector from 02-03, session B, is added to the derived
etc.). coordinates of station 02. The vector from 03-01 is then

added to the station coordinates of 02. Since the starting

c. Sample loop closure computation Figure 10-6  coordinates of station 01 were arbitrarily chosen as zero,

shows two loops which consist of four stations. During the misclosure is then the computed coordinates of Sta-
session A on day 065, three GPS receivers observed th&on 04 (dx, dy, d3  The vector data are listed in
baselines between stations 01, 02, and 03 for approxi-Table 10-4.
mately 1 hr. The receivers were then turned off and the
receiver at station 01 was moved to station 04. The tri-  (2) To determine the relative loop closure, the square
pod heights at stations 02 and 03 were adjusted. Theoot of the sum of the squares of the loop misclosures
baselines between stations 02, 03, and 04 were thed{mx, my, mgis divided into the perimeter length of the
observed during session B, day 065. Stations 01 and 0400p:
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Table 10-4
Vector Data for Stations 01, 02, and 03
Julian

Baseline Day Session AX AY NZ ADistance
01-02 065 A -4077.865 -2877.121 -6919.829 8531.759
02-03 065 B 7855.762 -3129.673 688.280 8484.196
03-01 065 A -3777.910 6006.820 6231.547 9443.869

. . e - A2 closures provide information on how well the GPS meas-

Loop misclosure ratio= (&¢ -8 - 22" (10-3) P _
T urements conform to the local coordinate system. Before

the closure of each traverse is computed, the latitude,

Where the PD = distance 01-02 + distance 02-03 + dis-longitude, and ellipsoid height must be converted to geo-

tance 03-01, or:
PD = 8531.759 + 8484.196 + 9443.869
= 26,459.82
And where distance 03-01 is computed from:
(-3777.9% + 6006.826 + 6231.547)°°
= 9443.869
(Other distances are similarly computed.)
Summing the misclosures in each coordinate:

Ax = -4077.865 + 7855.762 - 3777.910 = -0.0135
Ay = -2877.121 - 3129.673 + 6006.820 = +0.0264
Az = -6919.829 + 688.280 + 6231.547 = -0.0021

then
(A + Ay* + AZ)°®=0.029
Loop misclosure ratic= 0.029/26,459.82

or (approximately) 1 part in 912,000 (1:912,000)

(3) This example is quite simplified; however, it
illustrates the necessary mechanics in determining interna
loop closures. The valuddX, DY, andDZ are present in
the baseline output files. The perimeter distance is com-
puted by adding the distances between each point in thg

loop.

d. External closures. External closures are com-

centric coordinates (X,Y,Z), using the algorithms given in
Chapter 11. If the ellipsoid height is not known, geoid
modeling software can be used with the orthometric
height to get an approximate ellipsoid height. The exter-
nal closure will aid the surveyor in determining the
quality of the known control and how well the GPS meas-
urements conform to the local network. If the control sta-
tions are not of equal precision, the external closures will
usually reflect the lower order station. If the internal clo-
sure meets the requirements of the job, but the external
closure is poor, the surveyor should suspect that the
known control is deficient and an additional known con-
trol point should be tied into the system.

10-9. Data Management (Archival)

The raw data are defined as data recorded during the
observation period. Raw data shall be stored on an
appropriate medium (floppy disk, portable hard drive,
magnetic tape, etc.). The raw data and the hard copy of
the baseline reduction (resultant baseline formulations)
shall be stored at the discretion of each USACE
Command.

10-10. Flow Diagram

When processing GPS observational data, the progress
should generally follow the path shown in Figure 10-7.

puted in a similar manner to internal loops. External Figure 10-7. GPS data processing flowchart
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Chapter 11 approximate orthometric elevations from relative GPS
Adjustment of GPS Surveys observations, as was covered in Chapter 6.

b. The baseline reduction process (described in
Chapter 10) directly provides the raw relative position
11-1. General coordinates which are used in a 3D GPS network adjust-

i il . h . ment. In addition, and depending on the manufacturer’s
Differential carrier phase GPS survey observations aregfyare each reduced baseline will contain various ori-

adjusted no differently from conventional surveys. Each gniation parameters, covariance matrices, and cofactor
three-dimensional GPS baseline vector is treated as aq/or correlation statistics which may be used in weigh-

separate distance observation and adjusted as part of g the final network adjustment. Most least squares

trilateration network. A variety of techniques may be i, stments use the accuracy or correlation statistics from
used to adjust the observed GPS baselines to fit existing,e paseline reductions; however, other weighing methods
control. Slnce'GPS survey networks often contain redun-may be used in a least squares or approximate adjustment.
dant observations, they are usually (but not always)

a}djusted by some typ.e of rigorous Ieas.t squares minimiza- c. The adjustment technique employed (and time

tion technique. ~ This chapter describes some of theyg,ieq to it) must be commensurate with the intended

methods used to perform horizontal GPS survey adjust-ocracy of the survey, as defined by the project require-
ments and provides guidance in evaluating the adequacy,.nis. ~ Care must be taken to prevent the adjustment

and accuracy of the adjustment results. process from becoming a project in itself.

11-2. GPS Error Measurement Statistics d. There is no specific requirement that a rigorous

. least squares type of adjustment be performed on USACE
In order to understand the adjustment results of a GPSgyevs  whether conventional, GPS, or mixed observa-
survey, some simple statistical terms should be s ™ Traditional approximate adjustment methods may
understood. be used in lieu of least squares and will provide compa-

. rable practical accuracy results.
a. Accuracy. Accuracy is how close a measurement

or a group of measurements are in relation to a “true” or

. . e. Commercial software packages designed for
known” value.

higher order geodetic densification surveys often contain a
- L degree of statistical sophistication which is unnecessary

b. Precision. Precision is how close a group or 4" angineering survey control densification (i.e., Second-
sample of measurements are to each other. For exampleyger or less). For example, performing repeated chi-
a low standard deviation indicates high precision. It is g4 ,are statistical testing on observed data intended for
important to understand that a survey or group of meas-1.5 00 base mapping photogrammetric control may be
urements can have a high precision but a low accuracy,cagemically precise but, from a practical engineering
(i.e., measurements are close together but not close to thgtandpoint, is inappropriate.  The distinction between
known or true value). geodetic surveying and engineering surveying must be

o o fully considered when performing GPS survey adjust-
c. Standard deviation. The standard deviation is a ments and analyzing the results thereof,

range of how close the measured values are from the
arithmetic average. A low standard deviation indicates f. Connections and adjustments to existing control
that the observations or measurements are close together'networks, such as the NGRS, must not become indepen-

, ) , dent projects. It is far more important to establish dense
11-3. Adjustment Considerations and accurate local project control than to consume
) ) ) ) ) resources tying into First-Order NGRS points miles from
a This chapter deals.prlmarlly' with the adjustm'ent the project. Engineering, construction, and property/
of horizontal control established using GPS observations.,, ,nqary referencing requires consistent local control with
Although ~vertical elevations are necessarily carried high relative accuracies; accurate connections/references
through the baseline reduction and adjustment process, thg,”jistant geodetic datums are of secondary importance.
relative accuracy of these elevations is normally inade- LExceptions might involve projects in support of military

quate. for engineering an.d construction purposes. Spec'ia perations.) The advent of GPS surveying technology has
techniques and constraints are necessary to determine
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provided a cost-effective means of tying previously poorly perhaps the simplest method of evaluating the adequacy
connected USACE projects to the NGRS, and simulta- of a survey. (These point misclosures, usually expressed
neously transforming the project to the newly defined as ratios, are not the same as relative distance accuracy
NAD 83. In performing (adjusting) these connections, measures.)

care must be taken not to distort or warp long-established

project construction/boundary reference points. (1) Internal accuracy estimates made relative to a
single fixed point are obtained when so-called free,
11-4. Survey Accuracy unconstrained, or minimally constrained adjustments are

performed. In the case of a single loop, no redundant

a. General. The accuracy of a survey (whether per- observations (or alternate loops) back to the fixed point
formed using conventional or GPS methods) is a measureare available. When a series of GPS baseline loops (or
of the difference between observed values and the truenetwork) are observed, then the various paths back to the
values (coordinates, distance, angle, etc.). Since the trusingle fixed point provide multiple position computations,
values are rarely known, only estimates of survey accu-allowing for a statistical analysis of the internal accuracy
racy can be made. These estimates may be based on thaf not only the position closure but also the relative accu-
internal observation closures, such as on a loop traversetacies of the individual points in the network (including
or connections with previously surveyed points assumedrelative distance and azimuth accuracy estimates between
to have some degree of reliability. The latter case is typi- these points). The magnitude of these internal relative
cally a traverse (GPS or conventional) between two previ-accuracy estimates (on a free adjustment) determines the
ously established points, either existing USACE project adequacy of the control for subsequent design, construc-
control or the published NGRS network. tion, and mapping work.

(1) GPS internal accuracies are typically far superior (2) Loop traverses are discouraged for most conven-
to most previously established control networks (including tional surveys due to potential systematic distance or ori-
the NAD 83 NGRS). Therefore, determining the accuracy entation errors which can be carried through the network
of a GPS survey based on misclosures with externalundetected. FGCS classification standards for geodetic
points is not always valid unless statistical accuracy esti-surveys do not allow traverses to start and terminate at a
mates (i.e., station variance-covariance matrices, distancegingle point. Such procedures are unacceptable for incor-
azimuth relative accuracy estimates, etc.) from the exter-poration into the NGRS network; however, due to many
nal network’s original adjustment are incorporated into the factors (primarily economic), loop traverses or open-ended
closure analysis for the new GPS work. Such refinementsspur lines are commonly employed in densifying project
are usually unwarranted for most USACE work. control for engineering and construction projects. Since

such control is not intended for inclusion in the NGRS

(2) Most survey specifications and standards (includ- and usually covers limited project ranges, such practices
ing USACE) classify accuracy as a function of the result- have been acceptable. Such practices will also be accept-
ant relative accuracy between two usually adjacent pointsable for GPS surveys performed in support of similar
in a network. This resultant accuracy is estimated from engineering and construction activities.
the statistics in an adjustment, and is defined by the size
of a 2D or 3D relative error ellipse formed between the c. External accuracy. The coordinates (and refer-
two points. Relative distance, azimuth, or elevation accu-ence orientation) of the single fixed starting point will
racy specifications and classifications are derived from also have some degree of accuracy relative to the network
this model, and are expressed either in absolute valuesn which it is located, such as the NGRS if it was estab-
(e.g., 1.2 cm or £3.5in.) or as ratios of the propagatedlished relative to that system/datum. This “external”
standard errors to the overall length (e.g., 1:20,000). accuracy (or inaccuracy) is carried forward in the traverse

loop or network; however, any such external variance (if

b. Internal accuracy. A loop traverse originating small) is generally not critical to engineering and con-
and ending from a single point will have a misclosure struction. When a survey is conducted relative to two or
when observations (i.e., EDM traverse angles/distances omore points on an existing reference network, such as
GPS baseline vectors) are computed forward around théJSACE project control or the NGRS, misclosures with
loop back to the starting point. The forward-computed these fixed control points provide an estimate of the
misclosure provides an estimate of the relative or internal“absolute” accuracy of the survey. This analysis is usu-
accuracy of the observations in the traverse loop, or moreally obtained from a final adjustment, usually a fully
correctly, the internal precision of the survey. This is constrained least squares minimization technique or by
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other recognized traverse adjustment methods (Transit, c¢. Surveys performed with GPS, and final adjust-
Compass, Crandall, etc.). ments thereof, should be configured/designed to establish
accurate relative (local) project control; of secondary
(1) This absolute accuracy estimate assumes that thémportance is connection with NGRS networks.
fixed (existing) control is superior to the survey being
performed, and that any position misclosures at connect- d. Although reference connections with the NGRS
ing points are due to internal observational errors and notare desirable and recommended, and should be made
the existing control. This has always been a long-estab-where feasible and practicable, it is critical that such con-
lished and practical assumption and has considerable legahections (and subsequent adjustments thereto) do not dis-
basis in property/boundary surveying. New work is tort the internal (relative) accuracy of intermediate points
rigidly adjusted to existing control regardless of known or from which design, construction, and/or project bound-
unknown deficiencies in the fixed network. aries are referenced.

(2) Since the relative positional accuracies of points e. Connections and adjustments to distant networks
on the NGRS are known from the NAD 83 readjustment, (i.e., NGRS) can result in mixed datums within a project
and GPS baseline vector accuracy estimates are obtainedrea, especially if not all existing project control has been
from the individual reductions, variations in misclosures tied in. This in turn can lead to errors and contract dis-
in GPS surveys are not always due totally to errors in theputes during both design and construction. On existing
GPS work. Forcing a GPS traverse/network to rigidly fit projects with long-established reference control, connec-
the existing (fixed) network usually results in a degrada- tions and adjustments to outside reference datums/
tion of the internal accuracy of the GPS survey, as com-networks should be performed with caution. The impacts

pared with a free (unconstrained) adjustment. on legal property and project alignment definitions must
also be considered prior to such connections. (See also
11-5. Internal versus External Accuracy paragraph 8-@)

Classical geodetic surveying is largely concerned with f. On newly authorized projects, or on projects

absolute accuracy, or the best-fitting of intermediate sur-where existing project control has been largely destroyed,

veys between points on a national network, such as thereconnection with the NGRS is highly recommended.

NGRS. Alternatively, in engineering and construction This will ensure that future work will be supported by a

surveying, and to a major extent in boundary surveying, reliable and consistent basic network, while minimizing

relative, or local, accuracies are more critical to the proj- errors associated with mixed datums.

ect at hand. Thus, the absolute NAD 27 or NAD 83

coordinates (in latitude and longitude) relative to the 11-6. Internal and External Adjustments

NGRS datum reference are of less importance; however,

accurate relative coordinates over a given project reachGPS-performed surveys are usually adjusted and analyzed

(channel, construction site, levee section, etc.) are criticalrelative to their internal consistency and external fit with

to design and construction. existing control. The internal consistency adjustment (i.e.,

free or minimally constrained adjustment) is important

a. For example, in establishing basic mapping and from a contract compliance standpoint. A contractor’s

construction layout control for a military installation, performance should be evaluated relative to this adjust-

developing a dense and accurate internal (or relative) conment. The final, or constrained, adjustment fits the GPS

trol network is far more important than the values of these survey to the existing network. This is not always easily

coordinates relative to the NGRS. accomplished since existing networks often have lower

relative accuracies than the GPS observations being fit.

b. On flood control and river and harbor navigation Evaluation of a survey's adequacy should not be based

projects, defining channel points must be accurately refer-solely on the results of a constrained adjustment.

enced to nearby shore-based control points. These points,

in turn, directly reference boundary/right-of-way points 11-7. Internal or Geometric Adjustment

and are also used for dredge/construction control. Abso-

lute coordinates (NGRS/NAD) of these construction This adjustment is made to determine how well the base-

and/or boundary reference points are of less importance. line observations fit or internally close within themselves.
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(Other EDM distances or angles may also be included in
the adjustment.) It is referred to as a free adjustment. CONVENTIONAL EOM LOOP TRAVERSE
This adjustment provides a measure of the internal preci-
sion of the survey.

a. In a simplified example, a conventional EDM tra-
verse which is looped back to the starting point will
misclose in both azimuth and position, as shown in Fig-
ure 11-1. Classical “approximate” adjustment techniques
(e.g., Transit, Compass, Bowditch, Crandall) will typically
assess the azimuth misclosure, proportionately adjust thg >
azimuth misclosure (usually evenly per station), recom- POSITION MISCLOSURE IN & MVD dY
pute the traverse with the adjusted azimuths, and obtain 4§ (AFTER AZIMUTH ADMISTHENT)
position misclosure. This position misclosure (in X
and Y) is then distributed among all the points on the
traverse using various weighing methods (distance, lati-
tudes, departures, etc.). Final adjusted azimuths and dis|
tances are then computed from grid inverses between th THREE-DINENSIORAL
adjusted points. The adequacy/accuracy of such a tra G5 BASELINE

- . . VECTOR
verse is evaluated based on the azimuth misclosure an
position misclosure after azimuth adjustment (usually
expressed as a ratio to the overall length of the traverse).

GPS LOOP

b. A least squares adjustment of the same conven-
tional loop traverse will end up adjusting the points sim-
ilarly to the 'approxmgte methods traditionally employed. FOSITION MISCLOSURE
The only difference is that a least squares adjustment I¥ GX.QrMD dZ
simultaneously adjusts both observed angles (or direcH
tions) and distance measurements. A least square 7
adjustment also allows variable weighting to be set for
individual angle/distance observations, which is a some-
what more complex process when approximate adjust-
ments are performed. In addition, a least squares Az—/'j I
adjustment will yield more definitive statistical results of :.:’__ 1 P — Ay

!
b

the internal accuracies of each observation and/or point
rather than just the final closure. This includes estimates
of the accuracies of individual station X-Y coordinates,
relative azimuth accuracies, and relative distance
accuracies.

Figure 11-1. Conventional EDM and GPS traverse
loops
c. A series of GPS baselines forming a loop off a

single point can be adjusted and assessed similarly to a

conventional EDM traverse loop describedarabove (see (1) In the case of a simple EDM traverse adjust-

Figure 11-1). The baseline vector components may bement, the observed distances (or position corrections) are
computed (accumulated) around the loop with a resultantweighted as a function of the segment length and the
3D misclosure back at the starting point. These mis- overall traverse length (Compass Rule), or to the overall

closures (in X, Y, and Z) may be adjusted using either sum of the latitudes/departures (Transit Rule). Two-

approximate or least squares methods. The method byimensional EDM distance observations are not dependent
which the misclosure is distributed among the interme- on their direction; that is, a distance’s X- and Y-compo-

diate points in the traverse is a function of the adjustmentnents are uncorrelated.

weighting technique.
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(2) GPS baseline vector components (in X, Y, and Z) type of approximate or least squares adjustment method.
are correlated due to the geometry of the satellite solution;Unlike a loop traverse, however, the azimuth and position
that is, the direction of the baseline vector is significant. misclosures are not wholly dependent on the internal
Since the satellite geometry is continuously changing, errors in the traverse--the fixed points and their azimuth
remeasured baselines will have different correlationsreferences are not absolute, but contain relative inaccura-
between the vector components. Such data are passecies with respect to one another.
down from the baseline reduction software for use in the
adjustment.

CONVENTIONAL EDM LOOP TRAVERSE

d. The magnitude of the misclosure (i.e., loop clo-
sure) of the GPS baseline vectors at the initial point pro-
vides an estimate of the internal precision or geometric
consistency of the loop (survey). When this misclosure is
divided by the overall length of the baselines, an internal
relative accuracy estimate results. This misclosure ratiof Y = A&~ =-~--8%-——""7
should not be less than the relative distance accuracy
classification intended for the survey, per Table 8-1.

POSITION KISCLOSURE
BEFORE AZIMUTH ADNISTUENT

NTER AZIRUTH ADMISTUHENT
INTIAL AZINUTH REFERENCE

(1) For example, if the position misclosure of a GPS

loop is 0.08 m and the length of the loop is 8,000 m, then
the loop closure is 0.08/8,000 or 1 part in 100,000 GPS BASELINES BETWEEN TWO FIXED POINTS

(1:100,000). LENGTH - 0000 FT

(2) When an adjustment is performed, the individual
corrections/adjustments made to each baseline (so-callef
residual errors) provide an accuracy assessment for eac 30 POSITION NISCIOSURE— 2 FT
baseline segment. A least squares adjustment can add
tionally provide relative distance accuracy estimates for (LOOPED BACK)
each line, based on standard error propagation betweef  TOTA [00P LENGTH - 20000 FT
adjusted points. This relative distance accuracy estimatg
is most critical to USACE engineering and construction
work and represents the primary basis for assessing th¢
acceptability of a survey.

- il sl

3D POSITION MISCLOSURE — 2 Fr/
W 10000 OR E5000 (EXTERKA!

INTERNAL *LOOP* CLOSURE: 02 FT

. . . . ik Tor, LENST 20000
The internal “free” geometric adjustment provides ,mm:'ﬂ%”m HoF T

adjusted positions relative to a single, often arbitrary,

fixed point. Most surveys (conventional or GPS) are con-

nected between existing stations on some predefined refFigure 11-2. Constrained adjustment between two

erence network or datum. These fixed stations may befieq points

existing project control points (on NAD 27--SPCS 27) or

stations on the NGRS (NAD 83). In OCONUS locales,

other local or regional reference systems may be used. A b. A GPS survey between the same two fixed points

constrained adjustment is the process used to best fit thalso contains a 3D position misclosure. Due to positional

survey observations to the established reference system. uncertainties in the two fixed network points, this mis-

closure may (and usually does) far exceed the internal

a. A simple conventional EDM traverse (Fig- accuracy of the raw GPS observations. As with a con-

ure 11-2) between two fixed stations best illustrates theventional EDM traverse, the 3D misclosures may be

process by which comparable GPS baseline vectors ara@pproximately adjusted by proportionately distributing

adjusted. As with the loop traverse described in para-them over the intermediate points. A least squares adjust-

graph 10-8, the misclosure in azimuth and position ment will also accomplish the same thing.

between the two fixed end points may be adjusted by any

11-8. External or Fully Constrained Adjustment
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c. If the GPS survey is looped back to the initial baselines, resulting in a complex network with many
point, the free adjustment misclosure at the initial point adjustment conditions.
may be compared with the apparent position misclosure
with the other fixed point. In Figure 11-2, the free adjust- 11-9. Partially Constrained Adjustments
ment loop misclosure is 1:100,000 whereas the misclosure
relative to the two network control points is only 1:5,000. In the previous example of the simple GPS traverse, hold-
Thus, the internal relative accuracy of the GPS survey ising the two network points rigidly fixed caused an
on the order of 1 part in 100,000 (based on the misclo-adverse degradation in the GPS survey, based on the
sure); if the GPS baseline observations are constrained talifferences between the free (loop) adjustment and the
fit the existing control, the 0.6-m external misclosure must fully constrained adjustment. Another alternative is to
be distributed among the individual baselines to force a fit perform a semiconstrained (or partially constrained)
between the two end points. adjustment of the net. In a partially constrained adjust-
ment, the two network points are not rigidly fixed but
(1) After a constrained adjustment, the absolute posi-only partially fixed in position. The degree to which the
tion misclosure of 0.6 m causes the relative distance accuexisting network points are constrained may be based on
racies between individual points to degrade. They will be their estimated relative accuracies or, if available, their
somewhat better than 1:5,000 but far less than 1:100,0000riginal adjustment positional accuracies (covariance
The statistical results from a constrained least squaresmatrices). Partially constrained adjustments are not prac-
adjustment will provide estimates of the relative accura- ticable using approximate adjustment techniques; only
cies between individual points on the traverse. least squares will suffice.

(2) This example also illustrates the advantages of a. For example, if the relative distance accuracy
measuring the baseline between fixed network pointsbetween the two fixed network points in Figure 11-2 is
when performing GPS surveys, especially when weakapproximately 1:10,000, this can be equated to a posi-
control is suspected (as in this example). tional uncertainty between them. Depending on the type

and capabilities of the least squares adjustment software,

(3) Also illustrated is the need for making additional the higher accuracy GPS baseline observations can be best
ties to the existing network. In this example, one of the fit between the two end points such that the end points of
two fixed network points may have been poorly controlled the GPS network are not rigidly constrained to the origi-
when it was originally established, or the two points may nal and two control points but will end up falling near
have been established from independent networks (i.e.them.
were never connected). A third or even fourth fixed point
would be beneficial in resolving such a case. b. Adjustment software will allow relative weighting

of the fixed points to provide a partially constrained

d. If the intent of the survey shown in Figure 11-2 adjustment. Any number of fixed points can be connected
was to establish 1:20,000 relative accuracy control, con-to, and these points may be given partial constraints in the
necting between these two points obviously will not pro- adjustment.
vide that accuracy given the amount of adjustment that
must be applied to force a fit. For example, if one of the c. Performing partially constrained adjustments (as
individual baseline vectors was measured at 600 m andopposed to a fully constrained adjustment) takes advan-
the constrained adjustment applied a 0.09-m correction intage of the inherent higher accuracy GPS data relative to
this sector, the relative accuracy of this segment would bethe existing network control, which is traditionally weak
roughly 1:6,666. This distortion would not be acceptable on many USACE project areas. Less warping of the GPS
for subsequent design/construction work performed in thisdata (due to poor existing networks) will then occur.
area.

d. A partial constraint also lessens the need for per-

e. Most GPS survey networks are more complex forming numerous trial-and-error constrained adjustments
than the simple traverse example in Figure 11-2. Theyin attempts to locate poor external control points causing
may consist of multiple loops and may connect with any high residuals. Fewer ties to the existing network need be
number of control points on the existing network. In made if the purpose of such ties was to find a best fit on
addition, conventional EDM, angles, and differential level- a fully constrained adjustment.
ing measurements may be included with the GPS

11-6



EM 1110-1-1003
1 Aug 96

e.  When connections are made to the NAD 83, rela- (2) Compass Rule.
tive accuracy estimates of NGRS stations can be obtained
from the NGS. Depending on the type of adjustment (3) Transit Rule.
software used, these partial constraints may be in the form
of variance-covariance matrices, error ellipses, or circular ~ (4) Crandall Method.
accuracy estimates. ) . L
(5) No adjustment. Use raw observations if mis-
11-10. Approximate Adjustments of GPS closures are negligible.

Networks . . .
e. Approximate adjustments are performed using the

3D earth-centered X-Y-Z coordinates. The X-Y-Z coordi-

Simply constructed GPS networks used for establishing ) ) )
nates for the fixed points are computed using the trans-

lower order (i.e., Second-Order and lower) USACE con- - : )

trol can be effectively adjusted using approximate adjust-form algorithms shown irf below or obtained from the
ment techniques, or adjustments which approximate thebas'ellne reduction §0ftware. .Coordmates pf intermediate
more rigorous least squares solution. Although least Stations are determined by using the_basellne vectpr com-
squares solutions may be theoretically superior to approxi-Ponent differences AX, AY, AZ) which are obtained

mate methods. the resultant differences between thdlirectly from the baseline reductions. These differences
adjustments are generally not significant from a practical @€ then accumulated (summed) forward around a loop or
engineering standpoint. traverse connection, resulting in 3D position coordinate

misclosures at the loop nodes and/or tie points. These
a. Given the high cost of commercial geodetic misclosures are then adjusted by any of the method$ in
adjustment software, coupled with the adjustment com-2above. GPS vector weighting is accomplished within the

plexity of these packages, approximate adjustment methparticular adjustment method used; there is no need to
ods are allowed for in-house and contracted surveys. incorporate the standard errors from the baseline reduc-

tions into the adjustment. Internal survey adequacy and
b. In practice, any complex GPS survey network acceptance are performed based on the relative closure

may be adjusted by approximate methods. If the main "atios, as .in conventional traversipg criteria (see FGCC
loop/line closures are good, redundant ties to other fixed1984). Final local datum coordinates are then trans-
network points may be used as checks rather than beind®rmed back from the X-Y-Z coordinates.
rigidly adjusted. ) .

f. Given a loop of baseline vectors between two

c. In some cases it is not cost-effective to perform fixed points (or one point looped back on itself), the fol-

detailed and time-consuming least squares adjustments offWing algorithms may be used to adjust the observed
GPS project control surveys requiting only 1:5,000 or basglme vector. compo_nents and compute the adjusted
1:10,000 engineering/construction/boundary location accu-Station geocentric coordinates.
racy. If internal loop closures are averaging over . ,
1:200,000, then selecting any simple series of connecting (1) Given: Observed baseline vector components
baselines for an approximate adjustment will yield ade- 2% &Y, AZ for each baseling (total of n baselines in
quate resultant positional and relative distance accuraciedn® loop/traverse). The 3D length of each baseliné, is
for the given project requirements. If a given loop/ @nd the total length of the loop/traverselis
baseline series of say five points miscloses by 0.01 ft over . .
1,000 m (1:100,000), a case can be made for not even (2) The misclosuresdk dy, and dz) in all three
making any adjustment if a relative accuracy of only coordinates are computed from:
1:5,000 is required between points. i=n
dx = X_ + Y AX - X
d. Any recognized approximate adjustment method =1
may be used to distribute baseline vector misclosures. i=n
The method used will depend on the magnitude of the  dy = Y. + Y AY, - Y, (11-1)
misclosure to be adjusted and the desired accuracy of the i=1
survey. These include the following: i=n

dz-2 + Y AZ -7,

(1) Simple proportionate distribution of loop/line =1

position misclosures among the new station coordinates.
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Where X, Yg and Z: are the fixed coordinates of the g. Example of an approximate GPS survey
starting point andXg, Yg, and Z. are the coordinates of adjustment
the end point of the loop/traverse. (These misclosures
would also be used to assess the internal accuracy of the (1) Fixed control points from the U.S. Army Yuma
work.) Proving Ground GPS Survey (May 1990) (see
Figure 11-3):
(3) Adjustments §x, oy, dz) to each baseline vector

component may be computed using either the Compas§
Rule: PGT NO. 2

ox, = - dx %L
%i [ 11-2
oy, = - dy %:; ( )
oz = - dz %lf CONTRAVES G
or the Transit Rule: Figure 11-3. Yuma GPS traverse sketch
0 ax O
o = - dx ' [ PGT NO 2:
AX
. _ Xe = (-) 2205 949.0762
AY U
= _ | i 0O 11-3
o dy AY, (] (11-3) Y. =(-) 4884 126.7921
0 Az O Z- =+ 3447 135.1550
oz = - dz 0 7 [
AZ 7 CONTRAVES G:

(4) The adjusted vector components are computed Xe = () 2188 424.3707

from:
Y. = (-)4897 740.6844
AX® = AX + &
AV - AY - By (11.9) Z. =+ 3438 952.8159
AZ® = NZ, + 3z (XYZ geocentric coordinates were computed from

GP-XYZ transform using Equations 11-6 and 11-7 below)

(5) The final geocentric coordinates are then com- 1, I, I. = observed GPS baseline vectors
puted by summing the adjusted vector components from (from baseline reductions)
Equation 11-4 above:
and PLR 8.5 and PLR 17 are the points to be adjusted.

Xi &= XF + ZAXI é
Yi a _ YF + ZAYl a (11'5)
Zi 2 - ZF + ZAZ, a

(2) Misclosures inX, Y, andZ (from Equation 11-1):
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EM 1110-1-1003

1 Aug 96
(-)2205 949.0762: (-)4884 126.7921Y Vector At Ave Aze
+3  777.91042Xa (-)6 006.82012Y,
+7  859.4707AX, ()3 319.10922Y, A 3778.0770 | (-)6006.4518 | (-)6231.8263
+5 886.8716aXcC ()4 288.9638Y, B 7859.6215 | (-)3318.7759 399.9373
dx = (-) 0.4528 dy = (-) 1.0008 (d) Final adjusted coordinates (Equation 11-5):
3447 135.155@; @ ve
(-)6 231.5468aZ,
+ 400.1902~2, PGT No. 2 (-)2205 949.0762 (-)4884 126.7921
()2 350.2230.Z, PLR 8.5 (-)2202 170.9992 (-)4890 133.2439
PLR 17 (-)2194 311.3777 (-)4893 452.0198
- 3438 9528157, Contraves G (-)2188 424.3707 (-)4897 740.6844
(Check)
dz = + 0.7595
Za
(3) Linear 3D misclosure:
PGT No. 2 +3447 135.1550
= (0.4528 + 1.0008 + 0.759%)* = 1.335 m Etﬁ *3-75 :gjﬁ 2322223
. Contraves G +3438 952:8159
or 1 part in 25,638.2/1.335 = 1:19,200 (Check)

(Note: This is a constrained misclosure check, not free)
(e) Adjusted geocentric coordinates are transformed
(4) Compass Rule adjustment: to @, A, h, using Equations 11-9 through 11-13. Geo-
graphic coordinates may then be converted to local SPCS
(a) Compass Rule misclosure distribution: (either NAD 83 or NAD 27) project control using
USACE program CORPSCON.
[, = 9,443.869 JL = 0.368
I, = 8,540.955 JL = 0.333 (5) Transit Rule adjustment.
[, = 7,653.366 JL = 0.299
o (a) Distribution of GPS vector misclosures using
L =25,638.190 > = 1.000 Equation 11-3:
(b) Compass Rule adjustment to GPS vector compo-2AX; = 3777.9104 + 7859.4707 + 5886.8716
nents using Equation 11-2: = 17,524.2527
Similarly,
vector | 3 & 5 SAY, =13,614.8931
A 0.1666 0.3683 (-) 0.2795 _
B 0.1508 0.3333 (-) 0.2529 2AZ; = 8,981.9600
C 0.1354 0.2992 (-) 0.2271
(+0.4528) (+1.0008) ((-)0.7595) Check i E AX, E- 04528
ox = -dx = (7)o AX
B axH 17,524.2527

(c) Adjusted baseline vectors (Equation 11-4): +2.584 x 10 AX
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Similarly,

oy,
oz,

(b) Adjustments to baseline vector

+7.351 x 16 AY,
(-)8.456 x 16 AZ,

Transit Rule (Equation 11-3):

components using

Vector ox oy 6z

A 0.0976 0.4415 (-)0.5269
B 0.2031 0.2440 (-)0.0338
C 0.1521 0.3153 (-)0.1987
(check) (0.4528) (1.0008) (- 0.7595)

(c) Adjusted baseline vectors (Equation 11-4):

Vector AX® AY® AZ

A 3 778.0080 (-)6 006.3786 | (-)6 232.0737
B 7 859.6738 (-)3 318.8652 + 400.1564
C 5 887.0237 (-)4 288.6485 | (-)2 350.4217

(d) Final adjusted coordinates (Equation 11-5):

PGT No. 2
PLR 8.5
PLR 17
Contraves G
(Check)

PGT No. 2
PLR 8.5
PLR 17
Contraves G
(Check)

(6) Proportionate distribution adjustment method.

)(ﬂ

Yﬁ

(-)2 205 949.0762
(-)2 202 171.0682
(-)2 194 311.3944
(-)2 188 424.3707

(-)4884 126.7921
(-)4890 133.1707
(-)4893 452.0359
(-)4897 740.6844

Za

+3447 135.1550
+3440 903.0813
+3441 303.2377
+3438 952.8160

dy =-(-)1.0008= + 0.3336

3
8z =- () 0.7595= (-) 0.2532
3
Vector AXE AY® AZ
A 3778.0613 (-) 6006.4865 | (-) 6231.8000
B 7859.6216 (-) 3318.7756 + 399.9370
C 5887.0225 (-) 4288.6302 | (-) 2350.4762

(b) Final adjusted coordinates:

Xt |
PLR 8.5 (-)2202 171.0149 (-)4890 133.2786
PLR 17 (-)2194 311.3933 (-)4893 452.0542
Vg
PLR 8.5 +3440 903.3550
PLR 17 +3441 303.2920
Note: Relatively large horizontal (2D) misclosure

(1:23,340) may be due to existing control inade-
guacies, not poor GPS baseline observations.

(c) Variance between adjusted coordinates yields
relative accuracies well in excess of 1:20,000; thus, if
project control requirements are only 1:10,000, then any
of the three adjustment methods may be used.

The recommended method is the Compass Rule.

Fixed coordinates of PGT No. 2 and CONTRAVES G
can be on any reference ellipsoid -- NAD 27 or NAD 83.

11-11. Geocentric Coordinate Conversions

The following algorithms for transforming between geo-
centric and geographic coordinates can be performed in
the field on a Hewlett-Packard-style hand-held calculator.

a. Geodetic to Cartesian coordinate conversion.
Given geodetic coordinates on NAD 83 (im A, H) or
NAD 27, the geocentric Cartesian coordinateX, (Y,

(@) Vector misclosures are simply distributed pro- andZ) on the WGS 84, GRS 80, or Clarke 1866 ellipsoid
portionately over each of the three GPS baselines in theare converted directly by the following formulas.

traverse:

3 =-(-) 0.4528= + 0.1509

11-10
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X = (R, + h) cos ¢ cosA g=f2-f=(@-0)/a
Y = + h) cos @ sin A
AR D(p (11-6) €&=(@-b)/b
Z = %32 R +hDsin(p
E’p; h E b. Cartesian to geodetic coordinate conversionn

the reverse case, given GRS 80 X, Y, Z coordinates, the
conversion to NAD 83 geodetic coordinatag @, H) is
where performed using the following noniterative method (Soler
and Hothem 1988):
¢ = latitude

- Y .
A = 360 - \,, (for CONUS west longitudes) A = arc tan (11-9)

h = the ellipsoidal elevation. If only the orthometric
elevation H is known, then that value may be The latitudeg and heighth are computed using the fol-

used. lowing sequence. The initial reduced latitu@g is first
computed:
The normal radius of curvaturig, can be computed from
either of the following equations: 0 0
2 -

tanB, - £ fta - f) + 2 2H (11-10)

a’ P r o

Ry = (11-7)
\/a2 cog @ + b? sir? @ where

a

R\ = —— (11-8) p=\yX?%+Y?2
V1 - e?sirt @ e = 2f _ f2

and r:'p2+zz

a (GRS 80) = 6,378,137.0 m (semimajor axis)
a (WGS 84) =6,378,137.0 m Directly solving for¢ andh:
a (NAD 27) = 6,378,206.4 m
Z(1 - f) + e%a sir B,

b (GRS 80) = 6,356,752.314 1403 m (semiminor axis) tan @ = : (11-11)
b (WGS 84) = 6,356,752.314 m (1 -f)(p - ae® cos' By
b (NAD 27) = 6,356,583.8 m

. h2 = (p - acosP)® + (Z - b sin B)? (11-12)
f (GRS 80) = 1/298.257 222 100 88 (flattening)

f (WGS 84) = 1/298.257 223 563
f (NAD 27) = 1/294.978 698
where the final reduced latitud@ is computed from
¢ (GRS 80) =0.006 694 380 222 90 (eccentricity
squared) tanB = (1 -f) tan ¢
e (WGS 84) = 0.006 694 379 9910
€’ (NAD 27) = 0.006 768 658

(11-13)

c. Transforms between other OCONUS datums may

NAD 27 = Clarke Spheroid of 1866 be performed by changing the ellipsoidal parameters,
GRS 80 = NAD 83 reference ellipsoid andf to that datum’s reference ellipsoid.
also d. Example geocentric-geographic coordinate
transform
b=al-f)
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Geographic to geocentrigp(A, h to X, Y, Z) transform:
(1) Given any point:
@, =35°2715.217"
Ay = 94° 49 38.107"
A =360° -\, = 265.1727481°
h =100 m (N =0 assumed)
(2) Given constants (WGS 84):

a=6,378,137 m

f = 1/298.257223563 “e= f(2 - f) = 6.694380 x 1%

al(l - e? si? ¢ - 6,385,332,203

Ry 6,385,332,20
(R, + h) cos@ cosA = (-)437,710.553

X

Y=(R, +hcospsinA = (-)5182,990.319
b 0

Z=-3g5 R+ Hesin @ = +3,679,090.327
= 0

e. Geocentric (X, Y, Z) to geographiop,( A, H)
transform

Inversing the above X, Y, Z geocentric coordinates:
p =(X*+Y?)¥=5201,440.106

r = (p?+ 29" =6,371,081.918

0
2
B, - tant £ [ - f) + 2 2H- 35.36205229°
PO r g
Z(1 - f) + e”asir’ B,
tan @ =

1 - ) (p-ae? cos B9)
0.712088398

¢ =35.45422693° = 35° 27’ 15.217"

b =a(l - f) = 6,356,752.314

2 = (p - acosB)’+ (Z - b sinB)?
= (81.4585 + (58.004}

h =99.999 =100 m

f. North American Datum of 1927 (Clarke Spheroid
of 1866) Given a point with SPCS/Project coordinates on
NAD 27, the point may be converted to X, Y, Z coordi-
nates for use in subsequent adjustments.

@, = 35° 27" 15.217"

Aw = 94° 49’ 38.107" horH =100 m

(NAD 27 from SPCS X-Y@A conversion using USACE
program CORPSCON)

a =6,378,206.4
b =6,356,583.8
f =1/294.978698

e = 0.006768658
(NAD 27/Clarke 1866 Spheroid)

R, - a - 6,392,765.205
(1 - e?sir? ¢)**

X = (R, + h) cos@cosA = (-) 438,220.073 m
Y=(R,+hcosgsinA =(-)5189,023.612 m

0
2
z- é’% R, + Hésin ¢ = +3,733,466.852 m

These geocentric coordinates (on NAD 27 reference) may
be used to adjust subsequent GPS baseline vectors
observed on WGS 84.

11-12. Rigorous Least Squares Adjustments of
GPS Surveys

Adjustment of GPS networks on PC-based software is
typically a trial-and-error process for both the free and
constrained adjustments. When a least squares adjustment
is performed on a network of GPS observations, the

A =tan*(Y/X) = 85.17274810° (= 265.17274810°) adjustment software will provide 2D or 3D coordinate
accuracy estimates, variance-covariance matrix data for
the adjusted coordinates, and related error ellipse data.
Most software will provide relative accuracy estimates

(length and azimuth) between points. Analyzing these

Aw =360°-A =94° 49 38.107"

B =tan'[(1 - f) tan ¢ = 35.36335663°
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various statistics is not easy, and they are also easily mistesidual for each observation (GPS, EDM, angle, eleva-
interpreted. Arbitrary rejection and readjustment in order tion, etc.), which is useful in detecting and rejecting resid-
to obtain a best fit (or best statistics) must be avoided.ual outliers. The variance of unit weight is also important
The original data reject criteria must be established andin evaluating the overall adequacy of the observed net-
justified in a final report document. work. Other statistics, such as tau, chi-square, confidence
levels, histograms, etc., are usually not significant for
a. When a series of loops are formed relative to a lower order USACE engineering projects, and become
fixed point or off another loop, different redundant condi- totally insignificant if one is not well versed in statistics
tions are formed. (This is comparable to loops formed in and adjustment theory. Use of these statistics to reject
conventional differential level nets.) These different loops data (or in reporting results of an adjustment) without a
allow forward baseline vector position computations to be full understanding of their derivation and source within
made over different paths. From the different routes the network adjustment is ill-advised; they should be
(loops) formed, different positional closures at a single “turned off” if they are not fully understood.
fixed point result. These variances in position mis-
closures from the different routes provide additional data
for assessing the internal consistency of the network, in
addition to checking for blunders in the individual base-
lines. The number of different paths, or conditions, is
partially related to the number of degrees of freedom in
the network.

SPUR POINT

(1) Multiple observed baseline observations also pro-
vide additional redundancy or strength to a line or net-
work since they are observed at two distinct times of
varying satellite geometry and conditions. The amount of
redundancy required is a function of the accuracy require-
ments of a particular survey.

ARBITRARY STATION

HELD FIXED IN FOR EACH

_ , X¥-Z AND BASELINE
(2) Performing a free adjustment on a complex net- ROTATION % (TYPICAL)
work containing many redundancies is best performed o
using least squares methods. An example of such a net| pX
work is shown in Figure 11-4. Approximate adjustment @

methods are difficult to evaluate when complex inter- | g5% (2.5 o) POSITIONAL

weaving networks are involved. ERRCR ELLIPSE FROM
VARIANCE-COVARIANCE MATRIX -- 34
(3) Baseline reduction vector component error statis- RELATVE POSITIONAL ACCURACY

PROPAGATED ALONG BASELINE AAYIELDS
O RELATNE DISTANCE ACCURACY
O RELATVE AZINMUTH ACCURACY

tics are usually carried down into the least squares adjust
ment; however, their use is not mandatory for lower order
engineering surveys. GPS network least squares adjust
ments can be performed without all the covariance and
correlation statistics from the baseline reduction.

Figure 11-4. Free adjustment of a complex GPS

) ] network
(4) In practice, any station on the network can be

held fixed for the free adjustment. The selected point is

held fixed in all three coordinates, along with the orienta- c. Relative positional and distance accuracy esti-

tion of the three axes and a network scale parametermates resulting from a free (unconstrained) geometric

Usually one of the higher order points on the existing adjustment of a GPS network are usually excellent in

network is used. comparison to conventional surveying methods. Loop
misclosures and relative distance accuracies between

b. Least squares adjustment software will output var- points will commonly exceed 1:100,000.

ious statistics from the free adjustment to assist in detect-

ing blunders and residual outliers in the free adjustment. d. Relative distance accuracy estimates between

Most commercial packages will display the normalized points in a network are determined by error propagation
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of the relative positional standard errors at each end of thebe assumed adequate if only a 1:20,000 survey is
line, as shown in Figure 11-4. Relative accuracy esti- required.

mates may be derived for resultant distances or azimuths

between the points. The relative distance accuracy esti- f. Most commercial and Government adjustment
mates are those typically employed to assess the freesoftware will output the residual corrections to each
(geometric) and constrained accuracy classifications,observed baseline (or actually baseline vector compo-
expressed as a ratio, such as 1:80,000. Since each poimtents). These residuals indicate the amount by which
in the network will have its particular position variances, each segment was corrected in the adjustment. A least
the relative distance accuracy propagated between any twaquares adjustment minimizes the sum of the squares of
points will also vary throughout the network. these baseline residual corrections.

(1) The minimum value (i.e., largest ratio) will gov- (1) A number of commercial least squares adjust-
ern the relative accuracy of the overall project. This ment software packages are available which will adjust
minimum value (from a free adjustment) is then compared GPS networks using standard IBM PC or PC-compatible
with the intended relative accuracy classification of the computers. Those commonly used by USACE Com-
project to evaluate compliance. However, relative dis- mands include the following:

tance accuracy estimates should not be rigidly evaluated o
over short lines (i.e., less than 500 m). (&) TURBO-NET™, Geo-Comp, Inc., distributed by

Geodetic Enterprises, Inc., PO Box 837, Odessa, FL

(2) Depending on the size and complexity of the 33556, (813) 920-4045.
project, large variances in the propagated relative distance

aceuracies can result. (b) Geo-Lab™, distributed by GEOsurv, Inc., The

Baxter Centre, 6-1050 Baxter Road, Ottawa, Ontario,

(3) When a constrained adjustment is performed, theCanada K2C 3P1, (613) 820-4545.

adequacy of the external fixed stations will have a major "
™
impact on the resultant propagated distance accuracies (c) FILLNET™, distributed by ~Ashtech, Inc.,
. : 1156-C Aster Avenue, Sunnyvale, CA, 94086,
especially when connections are made to weak control
i ) . . (408) 249-1314.
systems. Properly weighted partially constrained adjust-
ments will usually improve the propagated distance

. (d) ADJUST™, an adjustment program distributed
accuracies.

by the National Geodetic Survey Information Center,

. . . Rockville, MD 20852.
e. The primary criteria for assessing the adequacy of

a particular GPS survey shall be based on the relative dis- (e) TRIMNET™, distruibuted by Trimble Naviga-
tance accuracy results from a minimally constrained freetion, Inc., 645 North Mary Avenue, P.O. Box 3642,
adjustment, not the fuIIy constrained adjustment. This is Sunnyvale, CA, 94088-3642, (1-800-TR|MBLE).

due to the difficulty in assessing the adequacy of the sur-

rounding network. Should the propagated relative accura- (f) STAR*NET™ distributed by STARPLUS
cies fall below the specified level, then reobservation SOFTWARE, INC., 460 Boulevard Way, Oakland, CA,
would be warranted. 94610, (510) 653-4836).

(1) If the relative distance accuracies significantly Annotated sample adjustment outputs from two commer-
degrade on a constrained adjustment (due to the inadeeial packages are shown in Figures 11-5 and 11-6.
guacy of the surrounding network), any additional connec-
tions to the network would represent a change in contract  (2) Relative GPS baseline standard errors can be
scope. A large variance of unit weight usually results in obtained from the baseline reduction output and, in some
such cases. software (i.e., Geo-Lab), can be directly input into the
adjustment. These standard errors, along with their cor-
(2) If only approximate adjustments are performed, relations, are given for each vector component (in X, Y,
then the relative distance accuracies may be estimated agnd Z). They are converted to relative weights in the
a function of the loop or position misclosures, or the adjustment. FILLNET allows direct input of vector com-
residual corrections to each observed length. For exam{onent standard errors in a £x + y ppm form. Correla-
ple, if a particular loop or line miscloses by 1 part in tions are not used in FILLNET. The following typical
200,000, then individual baseline relative accuracies caninput (a priori) weighting is commonly used in FILLNET:
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GPS
GPS
GPS
GPS&
GPS
GPS

GPS
GPS

H‘Il

Solution
Solution
Splution
Solution
Solution
Scolution
Solution
Selution
Solution

ADJUSTMENT STATISTICS SUMMARY
NETWORK = FTMl
TIME = Wed Dec 15 18:13:40 1993

ADJUSTMENT SUMMARY

Network Reference Factor = 9,09
Cchi-Square Test (a = 95%) = FAIL
Degrees of Freedom = 20.00

GPS OBSERVATIONS
Refarence Factor = 9.09

r = 20,00
1 Reference Factor = 6.08 r
2 Reference Factor = 14.38 r
3 Reference Factor = 9,091 r
4 Reference Factor = 6.65 r
5 Reference Factor = 11.46 r
6 Refarence Factor = 3.37 r
7 Reference Factor = 2.52 T
8 Reference Factor = .56 b of
9 Reference Factor = 11.65 r

WEIGHTING STRATEGIES:

GPS OBSERVATIONS:
No scalar weighting strategy was used

mnAamRmrneR

No summation weighting strategy was used

Station Error Strategy:
error = 0.0010

Tribrach error = 0.0010

2.38
2.66
2.06
2.21
2.13
1.96
2.05
2.10
2.45

Figure 11-5. TRIMNET sample adjustment output (Sheet 1 of 6)
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Zone = Global

POINT NAME
1 C2PR

LAT=

LON=

ELL HT=

ORTHO HT=

GEOID HT=

2 FTM1
LAT=
LON=
ELL HT=
ORTHO HT=

3 MANT
LAT=
LON=
ELL HT=
ORTHO HT=
GEOID HT=

4 SIM3
LAT=
LON=
ELL HT=
ORTHO HT=
GEOID HT=

Frimz
Lar
Lord

EH

Datum = NAD-83
Coordinate System = Geographic

40°
74°

40°*
74"

40"
74"

40"
74

Network Adjustment Constraints:
3 fixed coordinates in ¥
3 fixed coordinates in x
3 fixed coordinates in H
3 fiwed coordinates in h

OLD COQRDS
257 35.433030"
207 41.8795000"
-29.8100m
3.0400m
=-32.8500m
187 46.192066"
027 14.692854"
-22.3923m
0.0000m
02¢ 18.425950"
037 11.673310"
-32.1600m
1.1500m
=-33.3100n
287 06.064930"
007 28.941590"
-30.5800m
2.1000m
-32.6800m

1

COORDINATE ADJUSTMENT SUMMARY
NETWORK = FTM1
TIME = Wed Dec 15 18:13:41 1993

ADJUST

+0.,00000Q"
+0.000000"
+0.0000m
+0.0000m
+0.0000m

+0.,000003"
+0.000000"
-0.5752n
+0.0000m

+0.000000"
+0.000000"
+0.0000m
+0.0000m
+0.0000m

+0.000000"
+0.000000"
+0.0000m
+0.0000m
+0.0000m

Ll

qo‘ls TYAPE S % ¥.1
?q'oz'i+.??l\8'

-22.985 m

NEW COORDS

40° 257 35.433030"
74° 207 41.878000"
-29.8100m

3.0400m

-32.8500m

40°* 187 46.192069"
74° 027 14.6928B54"
-22.9675m

0.0000m

40° 02’ 18.425950"
74° 03 11.673310"
-32.1600m

1.1500m

=33.3100m

40" 287 06.064930"
74° 00' 2B.941590"
=-30.5800m

2.1000m

=32.65B00m

l.960

FIXED
FIXED
FIXED
FIXED
FIXED

0.011390m
0.011542m
0.016921m
KOT KNOWN

FIXED
FIXED
FIXED
FIXED
FIXED

FIXED
FIXED
FIXED
FIXED
FIXED

Figure 11-5. (Sheet 2 of 6)
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OBSERVATION ‘ADJUSTMENT SUMMARY
NETWORK = FTMl
TIME = Wad Dec 15 18:13:43 1993
OBSERVATION ADJUSTMENT (Tau = 2.8%5)
GPS Parameter Group 1 GPS Observations
Azimuth rotation = <=0.2339 seconds 1.960 = 00,0587 seconds
Deflection in latitude = +(.0470 sBeconds 1.96¢0 = 0,1005 seconds
Deflection in longitude = +0.59%92 seconds 1.960 = 0.1960 seconds
Retwork scale = (,999995521210 1.960 = 0.000000288587
0BS$§ BLK#/ TYPE BACKSIGHT/ vove/ OBSERVED/ 1.960/ TAU
REF# INSTRUMENT / UDPG/ ADJUSTED/ 1.960/
FORESIGHT SBNT RESIDUAL l1.960
1 1 gpsaz —kk— k- 8"12730.7755" 0.3399n 0.04
1 FIM]l —%%- 8*12730.7931" 0.1507"
SIM3 1 +03.017599" 0.3046"
2 1 gpsht —kka  akdo ~7.6308m 0.0495m 0.23
1 FPTM1 ~Ww#- -7.6160m ©0.0219m
SIM3 1 +0.01479%4m 0.0444m
3 1 gpsds whke akka 17448.3884m 0.0279m 0.34
1 PTH1 —¥%%- 17448.4006m 0.0126m
SIM3 1 +0,012283m 0.0249m
4 2 gpsaz —-k&— —%k%— 260"52734.5985" 0.2105" 0.02
1 SIM3 -—%%— 260°52734.5935" 0.0587"
C2PR 1 -0.004628" 0.2022"
5 2 gpsht —kk—  —hk- +0.8693m 0.06%6m 0.19
1 SIM3 —%¥*- +0.8516m 0.0282m
C2PR 1 =-0.017753n 0.0636m
[ 2 gpsds mkke akke 28957.8274m 0.0312m 0.84
1 SIM3 —%k- 28957 .8638m 0.0084n
C2PR 1 +0.036478m 0.0300m
7 3 gpsaz —%kk— ek 8°12'30.5976" 0.3100" 0.50
1 FTM1 %%~ 8*12/30.7931" 0.1507"
S5IM3 1 +0.195536" 0.2710"
8 3 gpsht —kR- —kk— -7.608%m  0.0316m 0.21
1 FTM]1 —%%- ~7.6160m 0.0219n
SIM3 1 -=0.007130m 0.0228n
9 3 gpsds L AL 17448.4119m 0.0265m 0.33
1 FTM1 —%*- 17448.4006m D.0126m
SIM3 1 ~0.011284m 0.0233m
10 4 gpsaz =k¥- —kke 1B82°32719.4314" 0.1863" 0.29
1 FTM1 -—-%%- 182"32719,3636" 0.0963"
MANT 1 ~0.067829" 0.1595"
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11 4 gpsht —hk- k- =9.1984m 0.038Bm 0.05
1 FTM1 ~t#= =9.1960m 0.0158m
MANT 1 +0.002485m 0.0333n

12 4 gpsds —kka ok 30496.2387m 0.0281m 0.33
1 FIM]l —%&- 30496.2272m 0.0143m
MANT 1 -0.011512m D.02420

13 5 gpsaz =hk= =kt= 184°37713.9835" 0.1196" 0.17
1 SIH3 =~%%= 184°37714.0097" 0.0586"
MANT 1 +0.025802" 0.1043"

14 5 gpsht ~hke otk -1.5901m 0.0399m .21
1 SIM3 =t#¥= -1.5806m 0.0250m
MANT 1 +0.009521m 0.0311m

i5 5 gpsds —kke  —hk— 47890.3245m 0.0284m D.68
1 SIM3 —#t- 47890.3000m 0.0138m
MANT k| -0.024483m 0.0248m

16 6 gpsaz —k%~ —kk= 330°08B’741,89323" 0.1115"% 0.05
1 MANT %%~ 330'08741.8865" 0.0587%
C2PR 1 -0.006765" 0.0947"

17 6 gpsht =k =k +2.4222m 0.0348m 0.23
1 MANT ht= +2.4307m c.0242m
C2FR 1 +0.008505m 0.0250m

18 & gpsds —k&~-  ekka 49729.7388m  0.0273m 0.07
1 MANT ~hk= 49729.7364n 0.0144m
C2PR 1 =0.002441m 0.0232m

19 7 gpsaz =htk—  =dta 2°31742.5754" 0.1792% 0.14
1 MANT =%®= 2°31742.6064" 0.0960"
FTH1 b +0.031010" 0.1513"

20 7 gpsht =-k¥—  akke +9,1917m 0.0324m 0.09
1 MANT =#k~ +9.1951m 0.0198m
FIM1 1 +0.003409m  0.0256m

2.1 7 gpsds -t —dke 30496.2264m 0.0268n 0.02
1 MANT %~ 30496.2272m 0.0143m
FTHL i +0.000753m 0.0226m

22 8 gpsaz =%k- —%%—- 295°53/30.6165" 0.15040 0.21
1 FTM1 ~-%%- 265°5E37’30.5663" 0.0923n
C2PR 1 -0.050255" 0.1665"

23 & gpsht k= akk— -6.7766n 0.0341m 0.33
1 FTMLI -—#%%~ -6.7642m 0.0224n
C2PR 1 +0.012405m 0.0257m

24 8 gpsds —kkem kb 29010.8695m 0.0272m 0.05
1 FTHM1 -—%%- 29010.8678m 0.0129m
C2PR 1 -0.001702m 0.0239n

25 9 gpsaz —k%~ —kk- 295°53730.6764" O.2227" 0.37
1 FTM1 %%~ 295°537130.5663" 0.09230
C2PR 1 -0.110138" 0.2026"

Figure 11-5. (Sheet 4 of 6)

11-18




EM 1110-1-1003

1 Aug 96
26 9 gpsht —tke  kke -6.7600m 0.0564m 0.06
b g FPTM1 ~¥%- ~-6.7642m 0.0224m
C2PR 1 -0.004171m 0.0518n
27 9 gpsds —kko ke 25010.8395%m 0.0319m 0.66
1 FTM1 —#%-~ 29010.8678m 0.0129m
C2PR 1 +0.027863m 0.0291m

Figure 11-5. (Sheet 5 of 6)
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SUMMARY OF COVARIANCES
NETWORK = FTM1
TIME = Wed Dec 15 18:13:45 19%3
FROM/ AZIMUTH/ l.96¢ DISTANCE/ 1.960 HOR- PREC
TO DELTA H 1.96¢0 DELTA h l1.960
CZPR 115441724" o.og" 29010.958m 0.0114m 1: 2536313
FTM1 +6.8425m 0.0169m ik ke
csz - — - - — - -
MANT -k - -k — - - -
czPR - - 1 . -tk W - £ 4 L -t -
PIM) 182°32/20" 0.0a" 30496.364m 0.0114m 1: 2675331
MANT -9.1925m  0.0169m ko —k
FTM1 g*12°31" 0.14" 17448.479m 0.0114m 1: 1527827
SIM3 -7.6125m 0.0169m -tk —-—kk—
mT — - - —k - — - —r k-
SIM3 -k k- - - - — -k -

Figure 11-5. (Sheet 6 of 6)
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PROGRAM FILLNET, Version 3.0.00
LICENRSED TO: ASHTECH INC.
Fillnet Input File acts 40.3 74.1
a = §378137.000 1/£ = 298.2572221 W Longitude positive WEST
PRELIMINARY COORDINATES:
LAT. LON. ELEV. G.H. CONSTE.
1 FTM2 40 1B 46.25804 74 2 14.14056 47.648 0.000
2 FFF MANT 40 2 18.42595 74 3 11.67331 -32.160 0.000
3 FFF C2PR 40 25 35.43303 74 20 41.87900 -29.8B10 0.000
4 FFF SIM3 40 28 6.06493 74 © 2B8.94159 -30.580 0.000
5 FTM] 40 1B 46.19156 74 2 14.69409 -24.152 0.000
GROUP 1, NO. OF VECTORS AND BIAS CONSTRAINTS:
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
VECTORS:
DX DY DZ LENGTH ERROR CODES
FTM1 FTM2 ~1.061 -3.124 -3.223 4,612 3 51.0 51.0 2
FTM1 FTMZ =-1.059 -3.126 -3.223 4.613 3 51.0 51.0 2
C2PR MANT 31466.066 -20017.367 -32897.190 49729.603 3 51.0 51.0 3
C2PR FTM1 27361.521 -755.791 -9612.798 29010.859 3 51.0 51.0 3
MANT SIM3 -4788,.603 30711.771 36432.475 47890.175% 3 51.0 51i.0 3
MANT FTM1 -4104.542 19261.593 23284,.378B 30496.204 3 51.0 51.0 3
SIM3 FTM1 £B84.063 -11450.182 -13148.091 17448.407 3 51.0 51.0 3
MANT FTM1 -4104.553 19261.590 23284.377 30496.203 3 51.0 51.0 3
C2PR SIM3 26677.446 10654.407 3535.282 2B957.809 3 51.0 51.0 3
CZ2PR FTM1 27361.503 ~755,790 -9612.79%7 29010.842 3 51.0 51.0 3
SIM3 FTM1 684.055 -11450.181 -13148.08B8 17448.404 3 51.0 51.0 3
SHIFTS:
1 -6.254 -14.914 -70.647
2 0.000 0.000 0.000
3 g.000 0.000 0.000
4 0.000 0.000 0.000
5 0.00%9 0.03% 1,170
ADJUSTED VECTORS, GROUP 1:
DX,DY, D2 v DN,DE,DU v v’
FTM1 FTM2 3213B -1.060 0.001 -4.214 -0.001 ~0.3
-3.125 -0.001 -1.876 0.001 0.1
-3.223 -0.000 -0.014 0.001 c.2
FTM1 FTM2 3213a =1.060 =0.001 -4.214 0.001 0.3
-3.125 0.001 -1.87¢6 -0.001 -0.1
=3.223 =0.000 -0.014 -0.001 -0.2
C2PR MANT 3203C 314665.069 -0.002 -43116.924 0.019 0.3
-20017.389 0.005 24778.270 -0.000 -0.0
-32897.1%6 0.02]1 -20.476 0.009 0.2
C2PR FTM1 3203C 27361.531 0.000 -12649.806 0.00% 0.2
-755.810 0.013 26107.654 0.004 0.1
Figure 11-6. FILLNET sample adjustment output (Sheet 1 of 3)
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-9612.775 0.001 53.853 -0.009 -0.2
MANT S5IM3 3203B -4788.587 0.006 47738.483 -0.015 -0.2
30711.758 -0.003 3808.387 0.005 0.1
36432.476 -0.,015 36.869 -0.006 -0.1
MANT FTM1 3203B -4104.538 -0.001  30467.118 -0.010 -0.3
19261.579 -0.009 1329.384 -0.003 -0.1
23284.381 -0.006 74.329 0.003 0.1
SIM3 FTMI1 3203 684.050 -0.009 -17271.365 0.003 0.1
-11450.17% -0.002 -2479.003 -0.00% ~-0.4
-13148.095 0.003 37.460 0.001 0.1
MANT FTM1 3203¢C -4104.538 0.010 30467.118 -0.009 -0.2
19261.579 -0.006 1329.384 0.008 0.2
23284.381 -0.005 74.329 0.003 0.1
C2PR S5IM3 3203a 26677.482 0.021 4621.559 0.002 D.1
10694.369 -0.001 2B586.657 0.020 D.6
3535.320 0.009 16.393 0.011 0.3
C2PR FTHM1 3203A 27361.531 0.018 -12649.806 0.004 0.1
-755.810 0.012 26107.654 0.021 0.6
-9612.775 -0.000 53.853 -0.005 -0.1
SIM3 FTM1 32032 684.050 -0.001 -17271.365 -0.001 -0.1
-11450.179 -0.003  -2479.003 -0.002 -0.1
~13148.095 0.000 37.460 0.002 0.1
§.E. OF UNIT WEIGHT = 0.278
NUMBER OF -
OBS. EQUATIONS 33
UNENOWNS 10
DEGREES OF FREEDOM 23
ITERATIONS 0
GROUP 1 ROT. ANGLES (sec.) AND SCALE DIFF. (ppm):
HOR. SYSTEM 0.342 -0.057 0.026 0.101
STD. ERRORS 0.044 0.030 0.025 0.120
XYZ SYSTEM -0.110 0.178 0.277
ADJUSTED POSITIONS:
LAT. LON. ELEV. STD. ERRORS (m)
1 FTM2 40 18 46.05528 74 2 14.77217 ~22.999 0.003 0.004 0.004
2 MANT 40 2 18.42595 74 3 11.67331 -32.160 0.000 0.000 0.000
3 C2PR 40 25 35,43303 74 20 41.87900  -29.810 0.000 0.000 0.000
4 SIM3 40 28 6.06493 74 0 28.94159 -~-30.580 0.000 0.000 0.000
5 FTM] 40 18 46.19186 74 2 14.69262  -22.982 0.003 0.003 0.004
ACCURACIES (m):
D. LAT. D. LON. VERT.
FTM1 FTM2 0.001 0.001 0.001
FTM1 FTM2 0.001 0.001 0.001

Figure 11-6. (Sheet 2 of 3)
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C2PR MANT 0.000 0.000 0.000
C2ZPR FTM1 0.003 0.003 0.004
MANT SIM3 0.000 0.000 0.000
MANT FTM1 0.003 0.003 0.004
SIM3 FTM1 0.003 0.003 0.004
MANT FTM1 0.003 0.003 0.004
C2PR SIM3 0.000 0.000 0.000
C2PR FTM1 0.003 0.003 0.004
SIM3 FTM1 0.003 0.003 0.004

LA R R R AR R AR AR TR LRI EEEE I ERELIT LR R LR R e A AP

*k L2 & X 3
TRk ESTIMATES OF PRECISION ok
L &3 L& 2 2]
kkkx Based on the VECTOR ACCURACIES produced by *hok
*kkE FILLNET P
L2 & 2 Tk kw
wE & x This iz a reasonable estimate of the accuracies * R EK
LA A of the wvectors in the network at 1 SIGMA. * ¥k
L & 2 * %k

****t*tt***t**********i**********it******************************

VECTOR LENGTH PPM{h} RATIO{h} PPM(v) RATIO(V)
FTM1  FTM2 4,613 306.6 1: 3262 216.8 1: 4613
FTMl  FTM2 4.613 306.6 1: 3262 216.8 1: 4613
C2PR  MANT 49729.591 0.0 1: 0 0.0 1 0
C2PR  FTM1 29010.862 0.1 1: 6837914 0.1 1: 7252715
MANT  SIM3 47890.165 0.0 1: 0 0.0 1: 0
MANT  FTM1 30496.198 0.1 1: 7188001 0.1 1: 7624049
SIM3 FTM1 17448.407 0.2 1: 4112620 0.2 1: 4362102
MANT  FTM1 30496.198 0.1 1: 7188001 0.1 1: 7624049
C2PR  SIM3 28957.832 0.0 1: 0 0.0 1: ¢
C2PR  FTM1 29010.862 0.1 1: 6837914 0.1 1: 7252715
SIM3  PTMI 17448.407 0.2 1: 4112620 0.2 1: 4362102
SIM3  FTM1 17448.407 0.2 1: 4112620 0.2 1: 4362102

Figure 11-6. (Sheet 3 of 3)
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(@) Fixed: £3 mm (Lat) + 5 mm (Long) + 1 ppm accuracies regardless of the initial weighting or variance
+5 mm (Height) + 1 ppm of unit weight.

(b) Float: £ 6 mm (Lat) £ 10 mm (Long) + 2 ppm (6) The magnitude of the residual corrections shown
+ 10 mm (Heigh} + 2 ppm in the sample adjustments may be assessed by looking for

blunders or outliers; however, this assessment should be
The optimum standard errors shown have been found toperformed in conjunction with the related normalized
be reasonable in standard USACE work where extremelyresidual (FILLNET) or standardized residual (Geo-Lab)
long baselines are not involved. Use of these optimumstatistic. This statistic is obtained by multiplying the
values is recommended for the first adjustment iteration. residual by the square root of the input weight (the
inverse of the square of the standard error). If the obser-
(3) The adequacy of the initial network weighting vations are properly weighted, the normalized residuals
described in (2) above is indicated by the variance of unit should be around 1.0. Most adjustment software will flag
weight (or variance factor in Geo-Lab) which equals the normalized residuals which exceed selected statistical
square of the standard error of unit weight (FILLNET). outlier tests. Such flagged normalized residuals are candi-
The variance of unit weight should range between 0.5 anddates for rejection. A rule-of-thumb reject criterion
1.5 (or the standard error of unit weight should range should be set at three times the standard error of unit
between 0.7 and 1.2), with an optimum value of 1.0 signi- weight, again provided that the standard error of unit
fying realistic weighting of the GPS input observations. weight is within the acceptable range given in (3) above.
A large unit variance (say 5.0) indicates the initial GPS All rejected GPS observations must be justified in the
standard errors were too optimistic (low). A low unit adjustment report clearly describing the test used to
variance (say 0.1) indicates the results from the adjust-remove the observation from the file.
ment were better than the assumed GPS baseline preci-
sions used. This unit variance test, however, is generally (7) Error ellipses, or 3D error ellipsoids, generated
valid only when a statistically significant number of from the adjustment variance-covariance matrices for each
observations are involved. This is a function of the num- adjusted point in Geo-Lab are also useful in depicting the
ber of degrees of freedom shown on the adjustment. Torelative positional accuracy. The scale of the ellipse may
evaluate the adequacy of the unit weight, a test such a%e varied as a function of the 2D deviation. Usually a
chi-square in Geo-Lab is performed. Failure of such a2.450, or 95 percent, probability ellipse is selected for
test indicates the variance factor statistic may not be sta-output. The size of the error ellipse will give an indica-
tistically valid, including any rejections made using this tion of positional reliability, and the critical relative dis-
value. tance/azimuth accuracy estimate between two adjacent
points is a direct function of the size of these positional
(4) The input standard errors can easily be juggled in ellipses.
order to obtain a variance of unit weight near 1.0. This
trial-and-error method is generally not a good practice. |If (8) The relative distance accuracy estimates (i.e.,
the input weights are changed, they should not be modi-relative station confidence limits in Geo-Lab and esti-
fied beyond reasonable levels (e.g., do not input a GPSmates of precision in FILLNET) are used to evaluate
standard error of 50 + 50 ppm in order to get a good acceptability of a survey. This is done using a free
unit variance). If input standard errors are modified, theseadjustment. The output is shown as a ratio (FILLNET) or
modifications should be the same for all lines, not just in parts per million (Geo-Lab). Note that FILLNET uses
selected ones. Any such modifications of a priori stan- a 10 line accuracy. The resultant ratios must be divided
dard errors must be justified in the adjustment report. by 2 in order to equate them to FGCS 95 percent criteria.
Geo-Lab is set to default to the 95 percent level.
(5) Changing the magnitude of the input standard
errors/weights will not change the adjusted position or (9) Further details on these statistical evaluations are
residual results in a free adjustment provided all weight beyond the scope of this manual. Technical references
changes are made equally. Although the reference varidisted under paragraph A-1 should be consulted.
ance will change, the resultant precisions (relative line
accuracies) will not change. (This is not true in a con- g. The following is a summary of a network adjust-
strained adjustment.) Therefore, the internal accuracy of ament sequence recommended by the NGS for surveys
survey can be assessed based on the free adjustment linghich are connected with the NGRS:
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(1) A minimally constrained 3D adjustment is done a traverse, loop, or network line/circuit. When indepen-
initially as a tool to validate the data, check for blunders dent directions or angles are observed, as on a conven-
and systematic errors, and to look at the internal consis-tional survey (i.e., traverse, trilateration, or triangulation),

tency of the network.

these angular misclosures may optionally be distributed
before assessing positional misclosure. In cases where

(2) A 3D horizontal constrained adjustment is per- GPS vectors are measured in geocentric coordinates, then
formed holding all previously published horizontal control the 3D positional misclosure is assessed.

points fixed and one height constraint.

If the fit is poor,

then a readjustment is considered. All previous observa- (1) Approximate surveying. Approximate surveying
tions determining the readjusted stations are considered iwork should be classified based on the survey’s estimated

the adjustment.

or observed positional errors. This would include abso-
lute GPS and some differential GPS techniques with posi-

(3) A fully constrained vertical adjustment is made to tional accuracies ranging from 10 to 150 ft (2DRMS).

determine the orthometric heights.

All previously pub- There is no order classification for such approximate

lished benchmark elevations are held fixed along with onework.

horizontal position in a 3D adjustment. Geoid heights are
predicted using the latest model.

(4) A final free adjustment is performed in which

relative accuracy estimates are computed.

11-13. Evaluation of Adjustment Results

A survey shall be classified based on its horizontal point

(2) Higher order surveys. Requirements for relative
line accuracies exceeding 1:50,000 are rare for most
USACE applications.  Surveys requiring accuracies of
First-Order (1:100,000) or better should be performed
using FGCS standards and specifications, and must be
adjusted by the NGS.

(3) Construction layout or grade control (Fourth-

closure ratio, as indicated in Table 11-1 or the vertical Order). This classification is intended to cover temporary
elevation difference closure standard given in Table 11-2.control used for alignment, grading, and measurement of

Table 11-1

USACE Point Closure Standards for Horizontal

Control Surveys

USACE Classification

Point Closure Standard
(Ratio)

Second Order Class |
Second Order Class Il
Third Order Class |
Third Order Class I

4th Order - Construction Layout

1:50,000
1:20,000
1:10,000
1: 5,000
1: 2,500 - 1:20:000

Table 11-2

USACE Paoint Closure Standards for Vertical Control Surveys

USACE Classification

Point Closure Standard
(mm)

various types of construction, and some local site plan
topographic mapping or photo mapping control work.
Accuracy standards will vary with the type of construc-
tion. Lower accuracies (1:2,500 - 1:5,000) are acceptable
for earthwork, dredging, embankment, beach fill, and
levee alignment stakeout and grading, and some site plan,
curb and gutter, utility building foundation, sidewalk, and
small roadway stakeout. Moderate accuracies (1:5,000)
are used in most pipeline, sewer, culvert, catch basin, and
manhole stakeout, and for general residential building
foundation and footing construction, major highway pave-
ment, and concrete runway stakeout work. Somewhat
higher accuracies (1:10,000 - 1:20,000) are used for align-
ing longer bridge spans, tunnels, and large commercial
structures.  For extensive bridge or tunnel projects,
1:50,000 or even 1:100,000 relative accuracy alignment
work may be required. Vertical grade is usually observed

Second Order Class | 6mm\K to the nearest 0.005 m for most construction work,
Second Order Class I 8mm\K although 0.04-m accuracy is sufficient for riprap place-
Third Order 12mm\K ment, grading, and small-diameter-pipe placement. Con-
4th Order - Construction Layout 24mm\K struction control points are typically marked by

semi-permanent or temporary monuments (e.g., plastic
hubs, P-K nails, wooden grade stakes). Control may be
established by short, nonredundant spur shots, using total

a. Horizontal control standards. The horizontal  Stations or GPS, or by single traverse runs between two
point closure is determined by dividing the linear distance existing permanent control points. Positional accuracy
misclosure of the survey into the overall circuit length of

(\K is square root of distance K in kilometers)
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will be commensurate with, and relative to, that of the clearly indicated, along with the criteria/reason used in the
existing point(s) from which the new point is established. rejection.

b. Vertical control standards.The vertical accuracy b. When different combinations of constrained
of a survey is determined by the elevation misclosure adjustments are performed due to indications of one or
within a level section or level loop. For conventional more fixed stations causing undue biasing of the data, an
differential or trigonometric leveling, section or loop analysis shall be made as to a recommended solution
misclosures (in millimeters) shall not exceed the limits which provides the best fit for the network. Any fixed
shown in Table 11-2, where the line or circuit length (K) control points which should be readjusted to anomalies
is measured in kilometers. Fourth-Order accuracies arefrom the adjustment(s) should be clearly indicated in a
intended for construction layout grading work. Procedural final analysis recommendation.
specifications or restrictions pertaining to vertical control

surveying methods or equipment should not be over- ¢. The final adjusted horizontal and/or vertical coor-

restrictive. dinate values shall be assigned an accuracy classification
based on the adjustment statistical results. This classifica-

11-14. Final Adjustment Reports and Submittals tion shall include both the resultant geodetic/Cartesian

coordinates and the baseline differential results. The final

a. A variety of free and/or constrained adjustment adjusted coordinates shall state the 95 percent confidence
combinations may be specified for a contracted GPSregion of each point and the accuracy in parts per million
survey. Specific stations to be held fixed may be indi- between all points in the network. The datum and/or
cated or a contractor may be instructed to determine theSPCS will be clearly identified for all coordinate listings.
optimum adjustment, including appropriate weighting for
constrained points. When fixed stations are to be partially ~ d. Final report coordinate listings may be required
constrained, then appropriate statistical information muston hard copy as well as on a specified computer media.
be provided--either variance-covariance matrices or rela-
tive positional accuracy estimates which may be converted €. It is recommended that a scaled plot be submitted
into approximate variance-covariance matrices in the con-with the adjustment report showing the proper locations
strained adjustment. All rejected observations will be and designations of all stations established.
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Chapter 12 negotiated as part of the A-E selection process; therefore,
Estimating Costs for a Government cost estimate for these services must be
prepared in advance of formal negotiations with the

Contracted GPS Surveys

contractor.

a. Contract types. Fixed-scope GPS service con-
12-1. General tracts are not common; in most cases, USACE Commands
obtain GPS services via the IDT contracting methods.
Developing cost estimates for GPS surveys is notone or more delivery orders may be placed against the
markedly different from estimating conventional traverse |DT contract for specific projects. An overall contract
or topographic mapping surveys.  Similar production threshold is established--currently $750,000 per year/
factors directly affect the ultimate cost: number of avail- contract: thus, the accumulation of individual orders can-
able GPS receiver units, daily productivity rates, survey not exceed this limit. Individual orders placed against the
accuracy criteria, network redundancy requirements, andyasic contract are normally limited to $150,000. The term
required observation time per station. These factors aregf an IDT contract is usually set at 1 year; however, an
discussed in detail in previous chapters of this manual.gption for year extensions may be authorized. Separate
Once the number of GPS observations for a given projectproject scopes are written and negotiated for each order.
has been determined, then the total field survey time andTthe unit prices established in the basic IDT contract are
subsequent costs can be computed. Office data reductiofised as a basis for estimating and negotiating each deliv-
and adjustment functions are performed and cost esti-ery order. The basic unit prices (U/P) in an IDT contract
mated identically to that of conventional survey work. are established as part of the A-E acquisition and negotia-
The explanations herein regarding procurement policiestion process; therefore, a Government cost estimate for
and practices describe only the framework within which these services must be prepared in advance of formal
cost estimates are used. For detailed guidance on pronegotiations with the contractor. These basic unit prices
curement policies and practices, refer to the appropriatemust adequately represent the anticipated work over the

procurement regulations. course of the IDT contract--typically a 1-year period.
_ (Separate rates are negotiated for additional option years.)
12-2. Hired Labor Surveys Deficiencies in these unit rates will impact subsequent

delivery order negotiations.

Developing cost estimates for USACE field forces

engaged in GPS surveys is performed similarly to that of b unit price basis. A number of methods are used
conventional topographic survey work.  Normally, an for scheduling GPS services in a fixed-price or IDT con-
average daily rate of personnel, travel, per diem, andyract. The daily rate basis is the cost for a GPS field
equipment is established. The GPS instrumentation rentaktrew (including all instrumentation, transport, travel, and
rate is established at the time of purchase and is periodinverhead) over a nominal 8-hr day. This rate method is
cally updated based on actual utilization rates as chargethormally used only on IDT contracts. This pricing

against projects. Fringes, technical indirect, and direCtmethod has advantages and drawbacks which need to be
overhead costs are added to a field crew’s direct labor.considered prior to determining.

The GPS survey crew rate should be recomputed at least
annually, or more often if GPS instrumentation and other (1) A daily crew rate estimating basis is the pre-

plant rental rates change significantly. ferred unit price basis in estimating contracted GPS ser-
_ vices for both fixed-price and IDT contracts. It provides
12-3. Contracted GPS Survey Services the most flexibility for IDT contracts, especially when

individual project scopes are expected to vary widely. It
In accordance with current laws and regulations, GPSjs therefore, considered a more accurate method of
surveying services must be procured using qualification- determining costs for individual delivery orders. One
based selection procedures in accordance with PL 92-58%jisadvantage is that a detailed independent government
(Brooks Act). GPS services may be included as part of aestimate (IGE) must be developed for each delivery order
fixed-price (single project scope) A-E design contract or pjaced against an IDT contract.
included as a line item on an indefinite delivery type
(IDT) surveying and mapping A-E contract. In some (2) The daily rate for a GPS surveying crew must be

instances, a fixed-scope GPS service contract may besstimated using the following USACE-directed detailed
issued. In all cases, GPS surveying services will be
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analysis method. The crew personnel size, number ofall cost or pricing data submitted by a contractor, in
GPS receivers deployed, vehicles, etc., must be explicitlyparticular, actual GPS instrumentation utilization rates and
indicated in the contract specifications, with differences reduced costs per day. GPS equipment and instrumenta-
resolved during negotiations. Options to add additional tion costs represent a major portion of a field crew’s
GPS receiver units (along with personnel and/or transport)costs, and these cost rates are currently extremely vari-
must be accounted for in the estimate and unit priceable. Some GPS operation and maintenance costs may be
schedule. The seven-item breakdown for estimating costglirect, or portions may be indirectly included in a firm's

is listed in Table 12-1. General and Administrative (G&A) overhead account. In
some instances, a firm may lease/rent GPS equipment in
lieu of purchase. Rental rates average 10 to 15 percent
per month of the purchase cost, or $4,000 to $6,000 per
month (1994). Rental would be economically justified

Table 12-1
Factors for Estimating Costs

Item Description L . . . .
only on limited scope projects and if the equipment is
I Direct labor or salary costs of GPS survey technicians: deployed on a full-time basis. Whether the GPS equip-
includes  applicable overtime or other differentials ment is rented or purchased, the primary (and most vari-
necessitated by the observing schedule. . . , I
able) factor is the GPS equipment’s actual utilization rate,
I Overhead on Direct Labor. or number of actual billing days to clients over a year.
Only a detailed audit and cost analysis can establish such
I G&A Overhead Costs (on Direct Labor). rates and justify modifications to the usually rough
. N assumptions used in the IGE. In addition, an audit will
\ Material Costs. . . .
establish any nonproductive labor/costs which are trans-
v Travel and Transportation Costs: crew travel, per ferred to a contractor's G&A. Given the highly changing
diem, etc. Includes all associated costs of vehicles equipment costs and utilization rates in this new technol-
H 1 . . . .
used to transport GPS receivers. ogy, failure to perform a detailed cost analysis and field
VI Other Costs: includes survey equipment and instru- pricing SUpport.QUdlt on Contra?tEd GPS services will
mentation, such as GPS receivers. GPS receiver make the IGE difficult to substantiate.
costs should be amortized down to a daily rate, based
on average utilization rates, expected life, etc. 12-5. Sample Cost Estimate for Contracted GPS
Exclude all instrume_ntation land plant costs covered Survey Services
under G&A, such as interest.
VI Profit (To be computed/negotiated on individual deliv- The following cost computation is representative of the

procedure used in preparing the IGE for an A-E contract.
It is developed for a two-receiver, two-man, two-vehicle
GPS field survey crew and based on a standard 8-hr
workday. Larger crew/receiver size estimates would be
performed similarly. Costs and overhead percentages are
(3) A typical contract price schedule using the daily shown for illustration only--they are subject to consider-
rate basis is shown in Table 12-2. This schedule may beable geographic-, project-, and contractor-dependent varia-
modified as necessary to reflect larger GPS receiver andion (e.g., audited G&A rates could range from 50 to
personnel inventories. 200 percent). GPS instrumentation rates are approximate
(1994) costs. Associated costs for GPS receivers, such as
(4) Another advantage of a daily rate basis unit of insurance, maintenance contracts, interest, etc., are pre-
measure (U/M) is that it is not dependent on the type orsumed to be indirectly factored into a firm's G&A over-
order of accuracy of the GPS survey being performed.head account. If not, then such costs must be directly
Either static or kinematic GPS surveys can be estimatedadded to the basic equipment depreciation rates shown.

ery orders per EFARS Part 15).

1. Government audit must confirm if any of these direct costs are
included in overhead.

and negotiated using this cost basis.

12-4. Verification of Contractor Cost or Pricing

Data

Other equally acceptable accounting methods for develop-
ing daily costs of equipment may be used. Equipment
utilization estimates in an IGE must be subsequently
revised (during negotiations) based on actual rates as
determined from a detailed cost analysis and field price

Regardless of the cost rate method used, it is essentiasupport audits.

(but not always required) that a cost analysis, price analy-
sis, and field pricing support audit be employed to verify
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Table 12-2
Daily Rate Basis Contract Schedule
Item Description Quan U/M u/P Amount
0001 Registered/Licensed Land Surveyor -- Office [1] Day
0002 Registered/Licensed Land Surveyor [1] Day
0003 Civil Engineering Technician -- Field Party Supervisor
(Multiple Crews) [1] Day
0004 Engineering Technician (Draftsman) -- Office [1] Day
0005 Supervisory GPS Survey Technician (Field) [1] Day
0006 Surveying Technician -- GPS Instrumentman/Recorder [1] Day
0007 Surveying Aid -- Rodman/Chainman
{Conventional Surveys} [1] Day
0008 [Two][Three][Four] - Man GPS Survey Party
GPS Receiver(s)
Vehicle(s)
Computer(s)
0009 Additional GPS Receiver [1] Day
{Add Item 0006 Observers as Necessary} [1] Day
0010 Station Monuments
[Disk Type]
[Construction Materials] [1] EA
0011 Professional Geodesist Computer (office) [1] Day
0012
0013
a. Basic daily crew rate cost estimate. Operation and maintenance
(fuel, oil, etc.) $15/day
(1) Direct Labor.
Total: Two vehicles @ $30/day ea $60/day
Supervisory Survey Technician (GPS
Observer) @ $20,000/year or $77/day Per Diem: average assumed for IDT
Survey Technician @ $16,000/year or $62/day locale; rate not to exceed published
General Services Administration (GSA)/Joint
Total direct labor: $139/day Travel Regulation (JTR) levels
(2) Overhead on direct labor: Total: Two men @ $50/day each $100/day
@ 30% of direct labor $42/day (6) Other costs:

(3) G&A overhead:
@ 100% of direct labor

(4) Materials and supplies:

(5) Travel and transportation expenses:
Vehicle depreciation:

$17K bag @ 5 years @
220 daysl/year

(Miscellaneous survey instrumentation/equipment, tools
and equipment (T&E), etc., normally included in G&A
$139/day overhead.)

$20/day GPS receivers (2 each) plus
386-based field computer

Receivers: 2 @ $20K ea  $40,000
Computer + software: $10,000
Total: $50,000
$15/day
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5-year depreciation base --
assumed average utilization
of 200 days per year with

maintenance included in G&A rate

Total: $5K @ 5 years @ $200/day) $50/day

(7) Profit: Profit is not computed on the basic con-

tract but is determined for each separate order based on

the guidance contained in Part 15 of the EFARS.

Total Estimated Rate:

b. Additional GPS receiver

Direct Labor (Survey Technician)
Overhead on direct labor @ 30%

G&A @ 100%
Material and supplies
Travel and transportation:
Vehicle
Per diem
Other costs: GPS Receiver

One receiver $20 @ 5 years @

200 daysl/year

Total:

12-4

$550/day

$62/day
$19/day
$62/day
$5/day

$30/day
$50/day

$20/day

$248/day

c. Travel and per diem.The contract schedule must
equitably account for actual travel and per diem expenses
if a constant temporary duty locale is not involved, or if
the per diem rate varies considerably from that estimated
for an IDT contract. Some USACE Commands include
crew per diem as a separate line item on the schedule or
develop a schedule containing local and travel crew rates.

d. Delivery orders Since unit prices (either daily
rates or work unit rates) have been established in the
basic contract, each such delivery order is negotiated
strictly for effort. The negotiated fee on a delivery order
is then a straight mathematical procedure of multiplying
the agreed-upon effort (time or unit of measure quantity)
against the unit prices, plus an allowance for profit.
Thus, an IGE is required for each order placed, along
with a detailed profit computation, documented records of
negotiations, etc. The scope is attached to a DD 1155
order placed against the basic contract. The process for
estimating the time to perform any particular survey func-
tion, in a given project, is totally dependent upon the
knowledge and personal field experience of the Govern-
ment estimator.



